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1. General Introduction 
1.1. Introduction 
Advances in computer and electronic technologies combined with the fast 
pace of the 21st century have brought about a demand for the mobilization of this 
technology. Along with the increase in demand for portable electronics such as 
mobile phones, laptops, digital cameras and personal music players, there has also 
been an increase in the demand for electric hybrid automobiles and the mobilization 
of non-consumer products such as those for space exploration and military 
applications. The one requirement that all of the portable technologies have in 
common is a portable power source. While polymer and liquid electrolytes 
developed for use in secondary batteries may suffice as a power source in rather 
benign operating conditions of general consumer products, the electrolyte criteria for 
military applications and environments beyond Earth's atmosphere are more critical 
where temperature variations are extreme, repair and replacement is nearly 
impossible, and overall battery performance is essential. There are many factors 
involved in the overall performance of a portable energy source such as the 
chemical potential of the anodic and cathodic reactions, ionic conductivity, electrode-
electrolyte compatibility, and chemical durability and it is these factors that must be 
improved and optimized in order to produce a viable portable power source [1,2], 
There has been a dramatic increase in the research and development of 
other portable energy sources such as fuel cells and polymer/liquid Li ion batteries, 
but fast ion conducting (FIC) sulfide glasses still remain important candidates for 
secondary battery electrolytes. Polymer and liquid electrolytes for Li batteries, while 
simpler to fabricate, lack thermal stability and are generally unstable in contact with 
Li metal, which can be used as an anode material [3]. Most organic polymer 
electrolytes tend to have melting temperatures between 100 and 200°C and form 
non-conducting interface reaction layers when in contact with Li metal [4,5]. Liquid 
electrolytes, while probably the simplest to manufacture and highest ionic conductor 
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because of the fluidity of the electrolyte, decompose at temperatures between 100 
and 200°C and are limited by the fact that it is still a liquid and there are certain 
design criteria that need to be achieved in order for the liquid electrolyte to work 
properly, such as maintaining a separation between the anode and cathode 
materials. Lithium dendrites have a tendency to grow through the soft polymer and 
liquid electrolytes during battery cycling, thus reducing the battery efficiency and 
short-circuiting the cell [6]. Dendrite growth can be reduced and sometimes 
eliminated by replacing Li metal anodes with LiCe or other Li composite anodes, 
which are less reactive and don't generally allow dendrite growth on recharge, but Li 
metal has a much higher capacity of 3800 mAh g"1 compared to that of LiCe at 372 
mAh g"1 and would thus reduce the efficiency of the cell [7]. 
Fast ion conducting glassy electrolytes have shown ionic conductivities as 
high as or higher than their polymer counterparts at 10"3 (Q cm)"1 at room 
temperature and can be tailored to meet the demands of the operating conditions 
(i.e. melting temperatures > 300°C and stable in contact with Li metal) through the 
addition of modifiers. Glassy electrolytes have an advantage over their crystalline 
counterparts such as physical isotropy, wider compositional flexibility, better 
workability, and the absence of grain boundaries and in some cases, the ionic 
conductivity of the glass can be ten times higher than the equivalent crystalline 
composition. The isotropy and lack of grain boundaries eliminates major sources of 
resistive loss and chemical attack, which is important in the harsh environments of 
high energy density batteries [8]. Glasses do tend to lack some thermal stability 
compared to their crystalline counterparts, but it is the compositional flexibility of 
glasses that allow for the tailoring and optimization of the material properties that 
gives them the advantage. 
In this investigation, the Li+ ion conducting electrolyte is being developed for 
battery applications in both the NASA Mars and Venus landing projects and thus has 
to be able to withstand harsh environments of space, such as extreme temperatures 
(between -130 and 450°C) and volatile atmospheres, while still operating efficiently. 
While the electrolyte need not be able to operate specifically at -130 or 450°C, the 
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less insulation that is needed to protect the battery, the less mass that must be 
launched into space, which is always a primary concern with any space mission. 
While, the improvement of the thermal stability of the glass is a primary objective of 
this investigation, the conductivity and electrode-electrolyte stability are more 
essential to the performance of a battery electrolyte not only in space, but in any 
battery application, regardless of the environment. Although the electrolyte 
developed in this investigation is designed with space applications in mind, the 
fundamental research and characterization results of the optimized FIC glasses can 
and should also be developed for everyday battery applications. 
1.2. Background 
1.2.1. Criteria for Solid Electrolytes 
Materials developed for solid electrolytes must have certain properties that 
make them applicable and efficient for the use in battery applications. The most 
important property of the electrolyte that must be optimized is the ionic conductivity 
with little or no electronic conductivity. A high ionic conductivity electrolyte will 
minimize the voltage drop across the internal resistance of the cell and therefore not 
significantly lower the operating voltage of the cell. An electrolyte with some 
electronic conductivity can be tolerated, but it should be less than 0.1% of the ionic 
conduction since the electronic conduction acts as an internal short circuit of the cell 
and can lead to the degradation of the cell performance and capacity [9]. The solid 
electrolyte should also show minimal temperature dependence (low activation 
energy) of the ionic conductivity. The activation energy and the ionic conductivity 
are complementary to each other in that decreasing the activation energy in the 
glass always increases the diffusion controlled properties such as the ionic 
conductivity. The temperature dependence of the ionic conductivity of the material 
does not dramatically affect the open circuit voltage, which is dependent upon the 
thermodynamic activities of the electrodes, but it does change the total power 
delivered by the cell as the temperature changes. 
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The solid electrolyte should also be stable in contact with the electrode 
(anode and cathode) systems and under conditions such as ambient temperature, 
pressure, humidity, and atmosphere to facilitate production. The electrolytes should 
also still be stable in ambient atmospheres so that production can be scaled up 
without the use of costly atmospheric control systems. Some previously studied 
electrolytes with high ionic conductivities have low decomposition potentials while in 
contact with the anode/cathode materials and thus are unstable and incompatible for 
use in Li ion batteries [9]. Other high conducting electrolytes that contain Lil are 
extremely reactive to air and moisture and must be handled in extremely dry 
conditions. 
1.2.2. Theories of Ionic Conduction in the Solid State 
The ionic conductivity of an electrolyte is one of the most important 
properties that must be optimized and must remain high regardless of what other 
electrolyte properties are altered and thus the mechanism behind the conductivity 
must be understood. The total conductivity of a material is determined by summing 
the contribution of all of the charge carrying species. However, in a glass system 
with typically only a single mobile cation species, the total conduction is determined 
by the conductivity of the ion [10]. FIC glass networks are made up of two 
subnetworks, one anionic (intermediate range network) and one cationic (mobile 
ions). With only one type of charge carrier, the conductivity of the system can be 
expressed by the equation: 
<j = Ze-n- ju =  ^ j r  exp AEact 
V 
(1) 
kT 
/ 
where Zis the valence of the cation, e is the fundamental unit of charge, n is the 
concentration of mobile ions, and // is the ion mobility [11,12]. It is difficult to 
measure n and // separately and thus there is much discussion of which of the two 
factors brings the largest contribution to the variations of conductivity with the 
addition of modifier content [13]. 
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1.2.3. Nernst-Einstein Equation for Diffusion 
At temperatures below Tg, ionic conducting systems increase continuously 
with increasing temperatures in an Arrhenius fashion, Eq. (1). The Nernst-Einstein 
equation, shown in Eq. (2), can be used to deduce the mobility of the ion from the 
diffusion coefficient where D is the diffusivity, k is Boltsmann's constant, and Tis 
absolute temperature. 
j u k - T  =  Z e D  (2) 
The diffusivity can be expressed, in the case of an elementary hop of an alkali cation 
between two stable sites, by: 
D(T) = a) l zv0  exp AE. 
kT 
(3) 
where v0 is the frequency of jump attempts the ion makes, X is the distance the ion 
covers in a single jump, a is the degree of freedom or possible jump direction, and 
AEm is the energy barrier that must be overcome in order for the jump process to 
take place (migration energy). The combination of Eq. (2) and (3) results in: 
JU(T) = ocA
2v0Ze 
kT 
exp A Em 
kT 
(4) 
The charge carriers responsible for ionic conduction are the alkali ions of the 
modifier and, if the population of mobile carriers is taken to be temperature 
dependent, the general expression for the concentration of mobile carriers is given 
by: 
n(T) = N0  exp A Ec^ 
kT 
(5) 
where N0 is the total number of mobile cations and AEC is the creation energy of 
mobile carriers. Combining Eqs. (1), (4) and (5) allows the thermally activated ionic 
conductivity to be written as a function of temperature and activation energy, Eq. (6), 
with AEact defined as the sum of the creation energy and the migration energy, AEact 
= AEc + AEm; 
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?(T, = exp AE act 
kT 
(6) 
The creation energy (AEC) is central to n(T) and the ion migration energy 
(AEm) is central to ju,(T) although, as previously mentioned, it is difficult to 
experimentally measure each term individually, unlike a0 and AEact. Since all 
glasses have an almost constant value for <j0, the variation in conductivity is a result 
of variation in activation energy. The ionic conductivity can be increased by 
decreasing the activation energy (AEact) through compositional changes. 
1.3. Models for Activation Energy 
1.3.1. Anderson-Stuart Model 
Anderson and Stuart developed one of the first methods to calculate the 
conductivity activation energy in alkali silicate glasses [11,12]. They considered the 
activation energy (AEact) to be the sum of the binding energy, which they assigned to 
the energy needed for the conducting ion to break free from the oxygen anion and 
the strain energy, which they assigned to the energy arising from elastic deformation 
of the glass when the ion passes from one site to the next. 
AEact = AEB + AES (7) 
In Eq. (7), AEB and AES are the electrostatic binding and strain energies, 
respectively. AEB is the energy required to separate the mobile cation from the 
charge compensating anion to which it was bonded and move it half-way (A/2) to an 
adjacent cation site: 
AEe = -
y 
ZZ<,e= ZZ(,e 2 \ 
r + rD A./2 
v u 
(8) 
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where Ze and Z0e are the electrical charges of the alkali and oxygen ions, 
respectively, rand r0are the ionic radii of the alkali and oxygen ions, respectively, y 
is a covalence parameter related to the deformability of the oxygen ion and is taken 
to be the dielectric constant of the glass, and À, is the hop distance. 
The strain energy (AES) is the energy necessary to elastically strain the glass 
when the ion passes through and is given by Eq. (9). 
where r is the cation radius, rD is the "doorway" radius in the glass, and G is the 
elastic modulus. Combining the strain energy and electrostatic binding energy the 
activation energy can thus be expressed by Eq. (10). 
Although Anderson and Stuart studied and developed their model for oxide 
glasses, by adopting a few of the constant parameters to represent sulfide ions 
instead of oxide ions, their model can be used to predict the activation energy of 
sulfide glasses. According to the A-S model, substituting sulfur ions in place of the 
oxide ions would increase the value of r since sulfur is larger than oxygen and thus 
partially opening up the "doorway" in the glass and reducing the strain energy term. 
When the alkali ions are much smaller than the glass forming cations (Li ions 
compared to sulfur and oxygen), the change in the size of the "doorway" is minimal 
and does not change the strain energy value significantly thus the greater 
contribution to the reduction of the activation energy comes from the electrostatic 
energy. The substitution of sulfur for oxygen reduces the bond energy between the 
conducting ion and the glass forming cation, thus reducing the electrostatic 
contribution to the activation energy [13]. 
A E s  =A7t-GrD{r - rD )  0) 
(10) 
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A visual representation of the Anderson-Stuart model and provided by Martin 
and Angel [14], shown below in Figure 1, describes the two energy barriers (binding 
and strain energies) with a schematic of the possible glass network along with a 
graphical representation of the energy required for one alkali ion to move from one 
non-bridging cation to the next. The graphical representation of the model displays 
the energy potential well that the alkali ion resides and must overcome in order for it 
to become a "mobile" conducting ion. 
Figure 1. Visual representation of the energy barriers used in the Anderson-Stuart model for 
ionic conduction. Lithium ions conduct from non-bridging sulfide anion to non-bridging sulfide 
anion by overcoming coulombic attraction energy barriers and strain energy barriers. Sulfide 
glasses exhibit greater conductivities than oxide glasses due to the smaller coulombic and strain 
energy barriers [14]. 
1.3.2. Weak Electrolyte Model 
Ravaine and Souquet developed the weak electrolyte theory to describe ion 
conducting glasses treating the solvent as the glass former and solute as the 
modifier [15,16]. The model suggests that there are two types of cations: associated 
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and dissociated. The charge carriers that are dissociated ions have sufficient 
energy to overcome the coulombic attraction to the network-forming anion. The 
energy to dissociate the ions can thus be considered the activation energy. The 
weak electrolyte model suggested that the mobility was independent of the alkali 
content. 
Although the Anderson-Stuart and weak electrolyte models are based on 
completely different approaches, they both lead to similar predictions. In both cases, 
variations in conductivity are directly related to variations in the energy required to 
create mobile carriers: electrostatic energy in the Anderson and Stuart model and 
dissociation energy in the Ravaine and Souquet model [15]. Also in both models, the 
migration energy is predicted to be constant as a function of composition because of 
the hypothesis of constant mobility (weak electrolyte) and only small variations in 
network deformation energy (Anderson-Stuart) [11]. 
1.3.3. Sulfide vs. Oxide FIC Glasses 
Oxide glasses, which have been extensively studied [17,18,19,20,21], 
typically show much higher glass transition and melting temperatures and better 
stability in air and water than their sulfide glass counterparts. In contrast, sulfide 
glasses have been shown to be better ion conductors than the corresponding oxide 
glasses [22,23]. Sulfide glasses with Li and Ag ions, for example, tend to have 
conductivities between 10"3 (Q cm)"1 and 10"2 (Q cm)"1 at room temperature, 
respectively, and these values are about 1000 times higher than the values for 
equivalent oxide glasses. The conductivities of different sulfide glasses compared to 
their corresponding oxide glasses are shown in Figure 2. As predicted by the 
Anderson-Stuart model [11], which is discussed in more detail in the next section, 
the substitution of oxygen with sulfur improves the ionic conductivity because the 
larger ionic radius and greater atomic polarizability of the sulfide ions produce 
weaker covalent bonds between sulfur the sulfide ions and the alkali cations [24]. 
This weaker electrostatic interaction therefore decreases the potential energy barrier 
between the two cation sites and hence facilitates cation movement. 
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Figure 2. Comparison of oxide and sulfide fast ion conducting glasses [22,23]. 
Another approach for increasing the ionic conductivity of the glass is through 
the addition of various alkali halide salts such as Lil, LiCI, and LiBr that can be 
doped into the glass network to increase the number of mobile ions. As the salt 
dissolves into the glass the anion does not become incorporated into the glass 
former framework and thus does not change the structure of the glass. It is 
generally assumed that the addition of doping salts increases the conductivity 
because it increase in the number of mobile Li+ ions in the glass and "opens up" the 
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glass network. Since the halide salts do not become incorporated into the glass 
network, they instead reside in the "interstitials" of the glass structure, and thereby 
open conduction paths created by low potential energy anion sites [13]. However, 
the addition of halide salts also tends to decrease the chemical durability and 
thermal stability. This leads to a decrease in activation energy of the glass due to 
the low bascity of the halide anion. Lithium halides also have large electrochemical 
decomposition potentials and are generally stable against Li metal anodes and 
halogen cathodes. 
1.4. Thermal Stability of FIC Glasses 
The thermal stability of a glass can be characterized in two ways: the 
temperature at which the glass begins to soften (typically measured as the Tg of the 
glass) and the stability against devitrification as measured by the difference between 
the onset glass transition and onset crystallization temperatures. In either case, the 
thermal stability of the glass is primarily dependant on the intermediate-range 
structure of the glass. Pure glass formers such as GeSa and Si02 have similar 
short-range order because they both tend to form tetrahedral groups that are bonded 
together by corners or edges that make up the disordered intermediate-range 
structure of the glass. Even though the intermediate-range structure is random and 
disordered, the glass network is still extensively bonded through bridging sulfurs or 
oxygens that require a large amount of energy (i.e. heat) to break down the glass 
network to either soften or crystallize the material. It is not until modifiers are added 
to the glass, which disrupt the glass network creating non-bridging sulfurs or 
oxygens, that the stability of the glass decreases thereby reducing the energy 
required to soften the glass. The increase in non-bridging units decreases the 
thermal stability of the glass and generally lowers the Tg and the crystallization and 
melting temperatures of the glass [25]. Significantly, however, it is the non-bridging 
units that are also required for ionic conduction since they are the source of the 
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alkali ions, so the addition of non-bridging units to the glass is unavoidable in an 
ionic conducting glass. 
One way to improve the thermal stability and increase the softening point of 
the glasses while still retaining the same concentration of alkali ions would be to 
introduce refractory materials such as Al203 to the glass network. Refractory glass-
forming intermediates are generally high melting compounds that are also very 
chemically stable and, while not individually glass-forming, when mixed with a glass 
former, such as Si02, they behave as glass-formers. Additionally, when mixed with 
a glass former, the refractory materials can dramatically improve the thermal stability 
and chemical durability by incorporating those "refractory" properties, i.e. high 
melting temperatures and chemical stability, into the FIC glass. Refractory trivalent 
cations (Al3+) doped onto tetravalent glass-former sites (Si4+) can eliminate non-
bridging sulfurs and liberate the charge compensating cation through the creation of 
[AI04]" tetrahedral units as shown in Figure 3 [26]. 
Figure 3. The addition of AIO&2 to the binary Si02 and Na20 improves the thermal stability of the 
glass by eliminating non-bridging oxygen units that are created by Na+ ions. The non-bridging 
oxygen units can be seen in (a) above and are eliminated with the Al203 tetrahedral units in (b). 
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The alkali ion that was originally associated with the non-bridging oxygen unit is then 
associated with the [AI04]" unit after the elimination of the non-bridging unit. The 
attraction between the entire [AI04]" unit and the alkali ion is coulombically weaker 
than the bond between the alkali ions and the individually non-bridging oxygen anion 
and thus the mobility and conductivity are likely to increase. Evidence of the 
improvement in the ionic conductivity, the glass transition temperatures, and the 
glass forming ability in the oxide glasses through the use of refractory oxides is well 
known in the alkali alumina silicate glasses such as Na20 + Al203 + Si02 [27]. 
1.5. Chemical Stability of FIC Glasses 
The chemical stability of the glass can be characterized in different ways 
depending on the application of the glass. In the case of this investigation, the 
chemical stability of the glass in a dry air environment and towards electrochemical 
reduction by Li metal are the two stability issues that are important to the application 
of the glass and hence will be addressed and evaluated. As expected, the chemical 
stability of the glass can be related to the structure of the glass and the bond 
strengths of the modifiers added to the glass [26]. The types of bonds (ionic or 
covalent) along with the bond strength between each atom in the glass network are 
both very important factors in determining the resistance of the glass against 
oxidation and reduction reactions. 
Glasses that have the lowest concentration of alkali modifier are more 
chemically stable than those that with high alkali concentration because the increase 
in non-bridging units "opens up" and weakens the glass network making it more 
susceptible to chemical attack [28]. Alkali ions form ionic bonds with the sulfur or 
oxygen atoms and are generally weaker than the remainder of the glass network, 
which are comprised of more covalent bonds between two or sometimes three other 
atoms. The alkali ions also have only a single ionic bond and as such are more 
likely to react with water in the surrounding environment and leech out of the glass 
thus leaving the bulk of the glass even more susceptible to future chemical attack. 
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An unmodified glass network does not have many, if any, non-bridging units and has 
a more interconnected glass network, which gives very little chance of any chemical 
attack. Refractory intermediates, as previously mentioned, are generally more 
chemically stable and can improve the stability of the glass against oxidation as well 
as improve the thermal stability; by bridging some of the non-bridging units thereby 
creating stronger chemical bonds in the system. 
The introduction of alkaline earth elements to the glass can also improve the 
chemical stability of the glass. Alkaline earth compounds such as BaO and CaO 
have divalent cations that, like the alkali ions, reside in the interstitial spaces of the 
glass network, but create two non-bridging units instead of just one [29]. While the 
creation of many non-bridging units can be detrimental to the glass network, the +2 
charge of the alkaline earth cations helps retain the connectivity of the glass network 
by maintaining a connection between two non-bridging units. The addition of a high-
melting and chemically stable alkaline earth material to the glass would incorporate 
those properties into the glass without significantly disrupting the glass network. 
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2. Objectives of the Thesis 
There are three major properties of the FIC glasses that will be examined in 
this research project through the addition and combination of several glass 
components. These properties are the lithium ionic conductivity, thermal stability 
(with respect to higher glass transition temperatures), and chemical stability (with 
respect to H20, 02, and Li metal). Modifiers added to the glass to improve one of 
the glass properties (eg. ionic conductivity) may also contribute to the formation of 
non-bridging sulfurs in the glass network and therefore the degradation of other 
properties (eg. lower Tgs). Lower chemical durability and decreased thermal stability 
of the glass is correlated to an increase of non-bridging sulfurs [30]. The polar 
chemical bonds, formed between the non-bridging sulfurs and alkali ions, are 
favored sites for the attack of water. 
A commonly observed behavior for such FIC chalcogenide (often sulfide) 
glasses has been that the highest conductivity is obtained with glass compositions 
that have been doped with the highest fraction of total modifier, for example, either 
Li2S or Lil or both [31,32]. In these glasses, while high conductivity has been 
obtained, the glass transition temperature often decreases from high (unmodified 
glasses) values of ~300°C or higher to much lower values (highly modified glasses) 
of ~100°C or lower [33]. In some cases, combined with the decreased glass 
transition temperatures (Tgs), a significantly decreased glass stability is also 
observed since the depolymerization effects of the modifiers that decrease the Tg of 
the glass also decrease the glass forming ability of the composition [34]. Indeed, the 
highest conductivity is often observed at the limit of the glass forming range and 
there are often questions about whether such compositions are homogeneous 
glasses or are glass-ceramics instead with a residual crystalline phase. Therefore, 
there is interest in determining the extent to which this paradigm of high conductivity 
and low glass transition temperatures with relatively poor glass forming ability and 
thermal and chemical stability can be broken. 
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The chemical stability of the solid electrolytes in air and in contact with certain 
electrode materials is essential to the efficiently of lithium batteries. While thermal 
stability is not essential for all solid electrolytes, it is a key property that must be 
improved in order for the lithium battery system to withstand the extreme 
temperatures that can be encountered beyond Earth's atmosphere. GeS2 was 
chosen as the primary glass former for our investigation because of its higher 
chemical and thermal stability than most other glass forming chalcogenides [35]. 
For example, B2S3 is another strong glass former, but it is very unstable with respect 
to air and water [36]. Likewise, SiS2 is a high melting glass former, but has poor 
chemical durability and has the smallest glass-forming range of all common 
chalcogenides [37]. As discussed above, refractory modifiers such as Ga2S3, La2S3, 
and BaS incorporated into the glass can have a dual purpose because of their 
inherent chemical and thermal stability. Refractory glass-forming intermediates are 
generally high melting compounds that are also very chemically stable. 
While glasses consisting of GeS2 with Ga2S3, La2S3, and/or BaS have been 
studied extensively for many optical applications such as fiber lasers and optical 
amplifiers because of their high refractive index and extended infrared transparency, 
there has been very little published work on using the same components as a base 
for FIC [38,39,40,41], The combination of GeS2 (an excellent glass former) and 
Ga2S3 (a high melting refractory modifier) has been shown to form a chemically and 
thermally stable glass and for this reason will be utilized in the optimization of the 
FIC glass [40]. The addition of Li2S and Lil will transform this glass that has shown 
promise in optical applications into a promising FIC glass. It is envisioned that the 
non-bridging sulfur units created by the addition of alkali modifiers such as Li2S to 
GeS2 will be eliminated by the addition of trivalent modifiers such as Ga2S3 or La2S3 
and cross-link the germanium sulfide network to increase the Tg and improve the 
glass forming character of the composition. Research on the BaS + Ga2S3 + GeS2 
system by other groups have yielded glass transition and crystallization 
temperatures in excess of 450 and 600°C, respectively [38]. Investigation in the 
BaS + ZnS + GeS2 glass system also produced high Tg and Tx temperatures in 
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excess of 400 and 500°C, respectively, with only small amounts of modifier in some 
cases [42]. The formation of less coulombically basic GaS^' Li+ units will also 
reduce the activation energy for conduction, thereby increasing the ionic 
conductivity. The ionic conductivity, glass forming range, and some structural 
studies have been examined on the ternary Li2S + GeS2 + Ga2S3 glass system by 
Yamashita et al. [43], but the focus of the study was on thin films and the structural 
effect of the Ga2S3 contributions to the glasses was not fully explored. 
The optimization of the glass for use as a solid electrolyte in Li ion batteries 
requires that there be an appropriate balance amongst all of the proposed glass 
components. In order to determine the appropriate balance within the glass, 
fundamental research on the effect of each component on the properties and 
contributing effects to the glass network must be completed. The glass forming 
range of the each explored compositional series will be mapped out on a component 
basis. The thermal properties of each glass composition produced will be examined 
to gain an understanding of the effect that each component has on the Tg and Tc 
temperatures and to achieve a FIC glass with Tg >300°C. Impedance 
measurements will be performed to determine the ionic conductivity of the glasses 
and to examine the compositional dependence on each component. 
As discussed above, a conductivity at or above 10"3 (Q cm)"1 at room 
temperature is required for lithium battery applications. Structural analysis will be 
investigated on each glass composition in order to examine the effect of the 
components on the glass network as well as attempt to correlate the structure to 
other glass properties (ie. thermal and electrical properties). Finally, chemical and 
electrochemical stability measurements will be completed on the optimized glass 
compositions to examine the electrolyte performance in a battery application. The 
glass properties must remain relatively unchanged in a dry air atmosphere for ease 
of manufacture and in contact with Li metal anodes for extended periods of time to 
be of value in a battery application. To explore the use of chalcogenide glass 
modifiers towards the optimization of the FIC glass, the system zLil + xLi2S + nBaS 
+ yGa2S3 + vLa2S3 + (1-z-x-n-y-v)GeS2, will be examined. 
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3. Experimental Methods 
3.1. Sample Preparation of the Glass 
3.1.1. Germanium Sulfide Preparation 
High purity glassy GeS2 can be prepared by the solid-state reaction of 
elemental germanium metal (Cerac, 99.999%) and sulfur (Cerac, 99.999%) at high 
temperature (900°C) in an evacuated silica ampoule [44]. A bare silica tube was 
washed with a solution of ammonium biflouride, fitted with a valve assembly and 
evacuated with a roughing pump in series with liquid nitrogen trap [45]. While under 
vacuum, the tube was passed over a gas/oxygen torch in order to remove any 
surface moisture on the inner surface of the tube. The dry heat treated tube, with 
valve assembly closed, was then transferred to an oxygen (< 5 ppm) and water (< 5 
ppm) free helium atmosphere glovebox. Once inside the glovebox, germanium and 
sulfur were mixed in appropriate amounts for GeS2 along with and extra 5% sulfur; 
the extra sulfur was added to reduce the number of metal-metal bonds in the glassy 
GeS2. While the resulting glassy GeS2 was sulfur enriched, the extra sulfur was 
found to be lost in subsequent open crucible reactions. The valve was removed and 
the germanium and sulfur mixture was loaded into the tube. The closed valve was 
then reattached to the open end of the tube and removed from the glovebox. The 
tube was then attached to a vacuum pump with liquid N2 trap between the tube and 
the pump and re-evacuated. Once the tube was completely evacuated, it was 
sealed using the gas/oxygen torch. The sealed tube was placed in a furnace and 
slowly heated (1 °C/min) from room temperature to 900°C. It was held at 900°C for 
8 hours and then removed and air quenched to room temperature. The final product 
was a homogenous transparent yellow bulk glass. The tube was again transferred 
to the glove box to remove the GeS2. 
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3.1.2. FIC Glass Preparation 
Appropriate amounts of GeS2 and commercially available Lil (Cerac 99.9%), 
Li2S (Cerac 99.9%), Ga2S3 (Alfa Aesar 99.99%), La2S3 (Alfa Aesar 99.99%), and 
BaS (Alfa Aesar 99.99%) were weighed out and mixed together in a vitreous carbon 
crucible. A vitreous carbon lid was placed on the crucible and inserted in a furnace 
in the glovebox. The materials were heated to between 900 and 950°C and held for 
three minutes, removed from the furnace, and allowed to cool so that weight loss 
measurements could be performed. The weight loss due to evaporation was 
generally less than 3 wt%. The samples were then returned to the furnace and 
melted for another three minutes and poured out onto a room temperature brass 
mold to rapidly quench the samples. A schematic of the brass mold can be seen in 
Figure 4. All of the samples broke up upon quenching at room temperature. 
Figure 4. Diagram of the brass mold used for quenching the glass. Molten glass is poured into one 
of the depressions in the brass mold and then the lid (another brass plate) is placed over top of the 
molten glass to quench the glass uniformly throughout the bulk. The cartridge heaters can be used to 
control the temperature of the mold in order to anneal bulk discs of glass. 
-10 
Depressions 
Thermocouple 
Cartridge 
heaters 
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Bulk glass discs were prepared for density and ionic conductivity 
measurements by quenching the molten glass on a brass mold held at a 
temperature 30 to 50°C below the glass transition temperature, annealed at that 
temperature for an hour, and slowly cooled (3 °C/min) to room temperature. In all 
cases, homogeneous melts were obtained and no evidence of phase separation was 
observed. 
3.2. Sample Characterization 
3.2.1. Thermal Analysis 
Glass transition and crystallization temperature measurements were 
performed using a Perkin-Elmer Pyris Diamond DSC. Approximately 25 mg of glass 
powder was hermetically sealed in aluminum samples pans. The samples were 
measured from 50 to 500°C at 10 °C/min. The thermal characteristics were 
determined by measuring the onset of each thermal event. 
3.2.2. Density 
Density measurements were performed using Archimedes' method inside the 
glove box using kerosene as the suspending liquid [25]. These measurements are 
accurate to ± 0.01 g/cc. Multiple glass pieces were measured and the average 
value was used. 
3.2.3. Raman and IR Spectroscopy 
Raman spectroscopy was performed on glass powder using a Bruker RFS-
200/S FT-Raman Spectrometer that had a Nd:YAG Laser operating at 1064 nm as 
the excitation source. The powders were placed in an aluminum holder and sealed 
with clear packaging tape. The sealing tape provided and easy way to protect the 
glass from air and water attack during the spectroscopy experiment, but yet did not 
exhibit significant spectra of its own. The spectra were collected using a 180° 
backscatter experiment at powers between 150 to 300 mW with a resolution of 2 
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Infrared spectroscopy was performed using a Bruker IPS 66v/S spectrometer. 
The spectra were measured in the mid-IR spectral range of 4000 to 400 cm"1 and in 
the Far-IR range of 600 to 120 cm"1 with a resolution of 4 cm'1. Csl pellets were 
used for both the mid and far-IR measurements. Pellets were made for the IR 
transmission experiments by mixing approximately ~2 mg of glass sample mixed 
with -100 mg of dried Csl and pressing the mixture into a pellet with a handheld 
press. 
3.2.4. Impedance Spectroscopy 
Bulk glass discs, ~2 cm in diameter and -0.2 cm in thickness, were used for 
conductivity measurements. Both sides of the glass discs were sputtered with gold 
electrodes with a surface area of -0.41 cm2. The gold sputtered samples were 
loaded into the sample chamber of the conductivity cell, shown in Figure 5, while 
inside the glovebox. The airtight sample chamber was removed from the glovebox 
and attached to the conductivity system that includes a Solartron 1260 Impedance 
Gain-Phase Analyzer to measure the magnitude and phase angle of the impedance 
of the sample. The complex impedance of the samples was measured from -50 to 
350 °C (depending on the Tg of the glass) over frequencies of 0.01 Hz to 10 MHz. A 
sinusoidal voltage of 50mV at frequencies was applied across the sample and the 
resulting current and phase angle between the current and the applied voltage were 
measured at each temperature setpoint. The temperature of the sample was 
controlled to within ±1 °C by flowing liquid nitrogen cooled helium or nitrogen gas 
though a tube wrapped with band heaters into the specially designed sample 
chamber shown in Figure 5 [45]. Individual impedance measurements were made 
every 15 degrees and were not started until the sample temperature was stable 
within a standard deviation less than 0.05 °C over a one-minute period. 
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Figure 5. Schematic of the specially designed sample chamber [45]. The temperature of the sample 
is controlled by heating or cooling helium gas that is constantly flowing through the sample chamber. 
The thermocouple next to the sample measures the temperature of the sample. Apart from the gas 
inlet and outlets, the sample chamber is completely sealed off from the outside air to eliminate the 
contamination of the sample. 
3.2.5. Electrochemical measurements 
The electrochemical properties of the glasses were measured using linear 
sweep and cyclic voltammetry measurements. The electrode cell assembly is 
shown in Figure 6 with a stainless steel working electrode and Li metal foil as the 
counter and reference electrodes. Linear sweep voltammetry measurements were 
conducted by sweeping a voltage from -1 to +9 V versus Li/Li+ at 10 mV/s and 
measuring the resultant current response. Cyclic voltammetry measurements were 
conducted by cycling the voltage between -1 and +3 V versus Li/Li+ at 10 mV/s and 
measuring the resultant current response. 
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Figure 6. A cross-section schematic of the electrochemical cell used for measuring the 
electrochemical stability of the glassy solid electrolyte in contact with Li metal. 
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4. Results and Discussion 
4.1. Glass Forming Regions 
4.1.1. Li2S + GeS2 + Ga2S3 Glasses 
The compositions in the Li2S + GeS2 + Ga2S3 system that were studied and 
those that were glass-forming and some of their properties are shown in Figure 7 
and Table 1. The glass-forming region is quite small with a large number of partially 
crystalline compositions surrounding the glass-forming region. There were, 
however, a large number of compositions that were not explored. Those 
compositions below -30 mole % Li2S were not examined because they were not 
expected to exhibit significant Li+ ion conductivity. Similarly, compositions with large 
fractions of Ga2S3 were not examined due to their correspondingly low fraction of 
Li2S, but the refractory non-glass-forming nature of Ga2S3 would likely yield such 
compositions as non-glass-forming. Finally, the compositions with high fractions of 
Li2S (xLi2S > 0.6) were also not examined, as they too are not likely to yield glass-
forming compositions. A few of the crystalline compositions near the edge of the 
glass-forming region were glassy on the surface, but appeared to be crystalline in 
the middle, which suggests that the glass-forming region could be expanded by a 
more rapid quench technique. While the compositions were quenched in a brass 
mold at room temperature, cooling the brass mold to below room temperature would 
increase the cooling rate, but is not practical to yield large, easily handled samples. 
The glass-forming range of the binary l_i2S + GeS2 system reported by 
Souquet et al. [46] is fairly large, between 0 and 50 mole % Li2S. The glass forming 
range of the binary GeS2 + Ga2S3 system reported by Yamashita et al. [43] lies 
between 0 and 33.3 mole % Ga2S3. As expected, the glass-forming region in ternary 
system is generally localized in the high GeS2 quadrant. Maximum contents of Li2S 
and Ga2S3 were found to be - 55 and 15 mole %, respectively. Compositions at 50 
mole % l_i2S correspond to the compound Li2GeS3 and would be expected to have 
two non-bridging sulfurs to create GeS^S^ units and hence lie compositionally 
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beyond the maximum of one non-bridging unit per tetrahedral polyhedra predicted 
by Zachariasen for glass formation [47]. The maximum of 15 mole % of Ga2S3 that 
was observed for glass formation presumably is the most Ga2S3 that could be added 
before the melting point (liquidus temperature) of the liquid rose sufficiently high to 
where low viscosity and hence rapid crystal growth could occur and cause the melt 
to devitrify. 
Optimization of the glass for the highest ionic conductivity and thermal 
stability requires that the concentration of Li2S and Ga2S3, respectively, be as high 
as possible, thus the primary focus of the glass forming investigation was in the 
range of compositions with high Li2S content and high Ga2S3 content. Since the 
binary glass forming systems, Li2S + GeS2and GeS2 + Ga2S3, are glassy out to 50 
and 33.3 mole % l_i2S and Ga2S3, respectively, with GeS2 as the primary glass 
former, it was assumed that the ternary l_i2S + GeS2 + Ga2S3 system would be glass 
forming within the same concentration of GeS2. 
4.1.2. Lil + Li2S + GeS2 + Ga2S3 Glasses 
The glass-forming region of the ternary composition could be slightly 
expanded by the addition of Lil to the Li2S + GeS2 + Ga2S3 system. The 
investigated compositions and the new glass-forming region along with some of their 
properties are shown in Figure 8 and Table 1. Compositions that were glass forming 
before Lil was added remained glass-forming and a few compositions that were not 
originally glass-forming were found to form glasses at various doping levels (up to 50 
mole %) of Lil. Compositions with lower concentrations of Li2S (below 40 mole %) in 
combination with higher Ga2S3 (up to 35 mole %) are assumed to be glass-forming, 
but were not studied because glasses with the highest conductivity, highest glass 
transition temperatures, and best glass forming ability would be expected in the 
region with maximum Li2S and Ga2S3 concentrations. 
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Figure 7. Glass forming range in the ternary xLi2S + yGeS2 + (1-x-y)Ga2S3 glass system with 
investigated compositions. (•) Compositions prepared in this study that formed glass. (•) 
Investigated compositions that crystallized. (<) Binary glass compositions reported in literature 
[43,46], 
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Figure 8. Glass forming region of zLil + (1-z)[xLi2S + yGeS2 + (1-x-y)Ga2S3] glasses with various 
amounts of Lil doping. (4) Binary glass compositions reported in literature [43,46]. 
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Table 1. Investigated Lil + Li2S + GeS2 + Ga2S3 glass-forming compositions along with some of their 
properties. 
I il I ; c ripe c t p G @ 25 C AEact 
# (mol%) (mol%) (mol%) (mol%) (°C)±3 (kJ/mole) 
1 0 45 50 5 311 2.71 1.29x10* 45.2 
2 10 40.5 45 4.5 308 - - -
3 20 36 40 4 285 2.76 - -
4 30 31.5 35 3.5 263 2.83 5.3X10"4 27.3 
5 40 27 30 3 200 2.92 - -
6 50 22.5 25 2.5 - 3.15 - -
7 0 45 45 10 325 - 9.37X10"6 43.9 
8 10 40.5 40.5 9 311 - 3.21 X10"5 39.7 
9 20 36 36 8 300 2.78 2.85X10"4 32.2 
10 30 31.5 31.5 7 241 2.89 9.16X10"4 28.6 
11 40 27 27 6 250 2.94 1.04X10'3 30.3 
12 50 22.5 22.5 5 240 - 1.7x10 3 30.1 
13 0 50 45 5 306 - 2.27X10"5 42.2 
14 10 45 40.5 4.5 298 - - -
15 20 40 36 4 - - - -
16 30 35 31.5 3.5 243 2.81 1.0X10'4 31.0 
17 40 30 27 3 221 2.83 7.02X10"4 27.4 
18 50 25 22.5 2.5 - - - -
19 20 44 32 4 267 - 1.2x10'4 35.9 
20 30 38.5 28 3.5 239 2.73 8.75X10"5 28.4 
21 40 33 24 3 221 - - -
22 30 35 28 7 250 2.84 4.41 X10"4 30.0 
23 40 30 24 6 249 2.95 6.7X10"4 26.3 
24 50 35 20 5 229 - - -
25 30 28 31.5 10.5 292 2.92 2.2X10"4 28.2 
26 40 24 27 9 283 3.00 1.5X10 4 30.7 
27 50 20 22.5 7.5 267 - 2.5X10"5 30.1 
29 
4.1.3. BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
Only the glasses with the highest ionic conductivity from the Lil + Li2S + GeS2 
+ Ga2S3 glass system were doped with BaS in an attempt to improve the chemical 
stability of the glass in dry air and the thermal stability (increasing Tg and Tc). Since 
the BaS was only added to the base glass (Lil + Li2S + GeS2 + Ga2S3), a full 
investigation into the glass forming range that included the variation of all five 
components was not completed. The highest concentration of BaS that could be 
added to the batch and have it remain glassy was 30 mole %, but only if the 
concentrations of Li2S and Ga2S3 remained at or below 45 and 10 mole %, 
respectively. At Li2S and Ga2S3 concentrations at or below 45 and 10 mole %, 
respectively, the batches would form glass at any level of BaS between 0 and 30 
mole %. It is most likely that BaS forms ionic bonds in the glass, thus creating two 
non-bridging sulfur units for every added BaS that would break up the glass network 
and reduce the glass-forming range of the compositions. The glass forming range of 
the ternary BaS + GeS2 + Ga2S3 has been investigated by Aitken et al. [39] and 
ranged from 0-20 mole % BaS, 7.5-30 mole % Ga2S3 and 55-92 mole % GeS2 is 
consistent with the results obtained in this study. 
4.1.4. Lil + Li2S + GeS2 + La2S3 Glasses 
The Lil + Li2S + GeS2 + La2S3 glass system was initially thought to be similar 
to that of the Lil + Li2S + GeS2 + Ga2S3 glass system due to the structural similarities 
between La2S3 and Ga2S3, but that turned out not to be the case. The compositions 
explored in this study along with some of their properties are shown in Figure 9 and 
Table 2. Compositions that formed glass in the Li2S + GeS2 + Ga2S3 system were 
investigated with the Ga2S3 replaced with the same concentration of La2S3, but 
many of them did not form glass when air quenched between two brass plates 
resulting in an even smaller glass forming range than that of the Ga2S3 system. 
Again, the investigation only focused on the highest concentrations of Li2S and 
La2S3 in order to maximize the conductivity and thermal stability. Unfortunately, the 
highest concentration of La2S3 that can be added to the batch and still form glass is 
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5 mole % while still maximizing the concentration Li2S to retain the high ionic 
conductivity. The low concentration of La2S3 that could be incorporated in the glass 
could be a detriment to the optimization of these glasses since it is the compositional 
flexibility of glasses that make them better candidates for solid-state electrolytes. 
However, at 5 mole % La2S3, the highest concentration of Li2S that could be added 
to the batch and still form glass was 50 mole %, which is should be high enough to 
achieve high ionic conductivity. Compositions with >10 mole % La2S3 were not 
glass-forming at Li2S concentrations above 40 mole %. The addition of Lil, which 
improved the glass-forming ability of the compositions in the Ga2S3 systems, did not 
improve the glass-forming ability of the La2S3 glasses. Those La2S3 glasses that 
were not glass forming without Lil were also not glass forming with the addition of Lil 
up to 40 mole %. The reason for the smaller glass-forming range of the La2S3 
glasses is most likely due to La forming bonds with sulfur that are more ionic, thus 
creating non-bridging sulfur units and a reduction of the glass-forming nature of the 
compositions. It may be possible to improve the glass forming range by melting 
compositions with higher concentrations of La2S3 in a sealed silica tube at 
temperatures higher than 900°C since La2S3 has a melting temperature of 2100°C 
[48]. Compositions with high concentrations of La2S3 that are melted in the glovebox 
at 900°C are too viscous to pour at that temperature and thus cannot be quenched 
on the brass plates. However, increasing the melting temperature would cause the 
other lower melting glass components, such as GeS2 and Lil, to vaporize out of the 
melt thus leaving behind the high melting refractory materials. 
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Figure 9. Glass forming range in the ternary xLi2S + yGeS2 + (1-x-y)La2S3 glass system with 
investigated compositions. (•) Compositions prepared in this study that formed glass. (•) 
Investigated compositions that crystallized. (4) Binary glass compositions reported in literature 
[43,46]. Lil was added to all of the investigated compositions, but it did not affect the glass-forming 
ability of any of the compositions. 
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Table 2. Investigated Lil + Li2S + GeS2 + La2S3 glass-forming compositions along with some of their 
properties. 
# Lil (mol%) 
Li2S 
(mol%) 
GeS2 
(mol%) 
La2S3 
(mol%) 
Tg 
(°C) ± 3 
P ,  
(g/cm ) 
±0.05 
o @ 25°C 
(C2 cm)"1 
±3% 
AEact 
(kJ/mole) 
± 1 
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4 
3.5 
3 
337 
272 
230 
2.93 
3.04 
3.09 
3.15 
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1.54x10"3 
31.0 
33.6 
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2.75 
2.96 
3.04 
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1.28x10 3 
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36.8 
29.1 
29.9 
26.6 
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55 
49.5 
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8.82x10* 
4.62x10"5 
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4.2. Raman Spectroscopy 
Glasses are, by definition, a random network of components that have short-
range order (first or second nearest neighboring atoms) and some intermediate-
range order (two or three adjoining short-range groups), all of which dictate the 
characteristics of the glass such as density, diffusion properties, and thermal 
stability. An understanding of the structure and how it changes with composition is 
important because it gives insight into the development of the bulk glass properties. 
Raman spectroscopy is one method of structural analysis that can give an insight 
into the properties of the glass. Comparing the Raman spectra of the investigated 
glasses to those of crystalline analogs is a common technique in the determination 
of what structural characteristics are present in the glass. The structural bands of 
the binary glass systems Li2S + GeS2 and GeS2 + Ga2S3, shown in Figure 10 and 
Figure 12, respectively, can be used to determine the general structural 
characteristics of the ternary Li2S + GeS2 + Ga2S3 glass system [46,49], Many 
comparisons can also be made with the Raman spectra of other similar ternary 
thiogermanate glasses, such as the sodium thio-germanate, silver thio-germanate, 
and lithium thio-boro-germanate glass systems [50,51,52]. 
4.2.1. Raman Spectra of the Li2S + GeS2 Glasses 
In the Raman spectrum of pure GeS2, the strongest peak at -342 cm"1 has 
been assigned to the symmetric stretching (vi) mode of the GeS4 tetrahedra, shown 
in Figure 10. The shoulder that is visible at -370 cm"1 is the companion mode to that 
symmetric stretch [53]. The peak at -435 cm"1 in the spectra of pure GeS2 is 
assigned to the symmetric "breathing" vibration of corner-sharing units [54]. The 
small peak at -486 cm"1 has been assigned to vibrations of extended Ss rings in 
sulfur rich compositions or localized S-S homopolar bonds in stoichiometric GeS2 
[54,55,56,57]. A small peak is sometimes visible at -255 cm"1 in the Raman spectra 
of the binary glasses and can be ascribed to a S3Ge-GeS3 "ethane-like" unit [58,59]. 
The S3Ge-GeS3 metal-metal bond is only visible in GeS2 that is sulfur deficient. 
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Figure 10. Raman spectra of the xLi2S + (1-x)GeS2 binary glass system. The three bands at -454, 
415, and 385 cm"1 are associated with one, two, and three non-bridging sulfurs, respectively. The 
major band at 342 cm"1 is associated with the symmetric stretching (i^) vibrational mode of the GeS4 
tetrahedra. 
The Raman spectra of the Li2S + GeS2 binary glasses closely resemble 
spectra of that of the Na2S + GeS2 glass system [24]. The latter system has been 
more extensively studied and thus it is possible to assign similar spectral features to 
the less studied Li2S + GeS2 glass system. The peaks at -469, 419, and 390 cm"1 in 
the Raman spectra of the Na2S + GeS2 glasses have been assigned to vibrations of 
germanium tetrahedral units with one, two, and three non-bridging sulfurs, 
respectively [50]. The good agreement between the Raman spectra of lithium and 
sodium thiogermanate glasses suggests that these units are also present in the 
isocompositional Li2S + GeS2 glasses. This suggests that the short-range order 
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structures of these two binary glass systems are quite similar. For these reasons, 
the peaks in the Raman of the binary l_i2S + GeS2 at -454, 415, and 385 cm"1 are 
assigned to a germanium tetrahedra with one, two, and three non-bridging sulfurs, 
respectively. Examples of the GeS4 tetrahedra with one, two, and three non-
bridging sulfurs are shown in Figure 11(a), (b), and (c), respectively. At the 
intermediate range level of structure, it is significant to note that germanium 
tetrahedral units with two bridging and two non-bridging sulfurs may result in the 
creation of long chains whose repeat unit is the meta-thiogermanate structural unit, 
[GeS2/2S22"]n in the 0.5Li2S + 0.5GeS2 glass. 
(b) (GeS4/z) (a) (GeS4/2) 
(d) (GeS4/2) (c) (GeS##) 
Figure 11. GeS^ tetrahedra with various non-bridging sulfur configurations. 
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4.2.2. Raman Spectra of the GeS2 + Ga2S3 Glasses 
The Raman spectra of the binary GeS2+ Ga2S3 glasses [53] appear to be 
simpler and, in some ways, more easily interpreted than those of the alkali modified 
glasses due to the similarities of the Ge and Ga atoms. As in the binary Li2S + 
GeS2, the strongest Raman peak at -342 cm"1 is attributed to the "breathing" mode 
of the GeS4/2 molecular unit corresponding to the symmetric stretching Ge-S-Ge. A 
similar "breathing" mode vibration can be assigned to the GaS4 unit at -350 cm"1 for 
Ga2S3 [60]. The Raman spectra of the binary GeS2 + Ga2S3 glasses, 
Figure 12, show that these glasses contain both corner-sharing (-435 cm"1) 
and edge-sharing (-370 cm"1) tetrahedral structures between both GeS4/2 and 
GaS4/2 tetrahedra that are assigned from the crystalline GeS4/2 vibrational spectra 
[53,54]. As the concentration of Ga2S3 increases, the number of edge-shared 
tetrahedra increases while the number of corner-shared tetrahedra decreases, which 
is evident through the decrease in the intensity of the peak at -435 cm"1 and a 
subsequent decrease in the intensity of the peak at 370 cm"1 [60]. The addition of 
Ga2S3 to the GeS2 glass causes there to be a sulfur deficiency because of the 
formation of GaS4/2 units and thus there is an increase in the number of metal-metal 
bonds between Ge and Ga atoms as well as an increase in edge-shared tetrahedral. 
The small peak that is visible around 250 cm"1 are attributed to metal-metal bonds 
between Ge and/or Ga atoms. The similarities of the charge and atomic weight of 
the Ge and Ga metal atoms means that the fundamental modes of the MS4/2 units 
exhibit similar behavior in the Raman, thus also causing the bands between 350 and 
450 cm"1 to broaden [61]. Since the glasses shown here were primarily GeS2 rich 
compositions, at the maximum xGa2S3 - 0.4, the GeS2 is still the dominant 
component and the Ga2S3 gives only weak contribution to the observed vibrational 
spectrum. 
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Figure 12. Raman spectra of the xGeS2 + (1-x)Ga2S3 binary glass system. The major band at -342 
cm"1 is associated with the symmetric stretching (y,) vibrational mode of the MS4/2 tetrahedra. The 
bands at -370 and 435 cm"1 are associated with two MS4/2 tetrahedra that are edge-shared and 
corner-shared, respectively. Taken from reference [53]. 
4.2.3. Raman Spectra of the Li2S + GeS2 + Ga2S3 Glasses 
The Raman spectra of the ternary l_i2S + GeS2 + Ga2S3 glasses, Figure 13 
show three major vibrational modes, aside from the previously discussed mode at 
-343 cm"1, at -454, 415, and 385 cm"1 that can be assigned to germanium 
tetrahedra with one, two, and three non-bridging sulfurs, respectively [51,62]. The 
peaks at -385 and 415 cm"1 only show up as shoulders in the compositions with low 
concentrations of Li2S due to the peak broadening nature of the added Ga2S3, where 
all three bands are more clearly visible in the binary l_i2S + GeS2 Raman spectra. 
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Another vibrational mode of these glasses system is evidenced by the appearance 
of a large peak at -115 cm'1 and a shoulder at -150 cm"1 in the Raman spectra 
shown in Figure 13 and Figure 15. These peaks are associated with the 
symmetrical (v2) and asymmetrical (v4) bending of the GeS4/2 and GaS4/2 units, 
respectively [63]. 
The increase in intensity of the peaks at -454, 415, and 385 cm"1 in the 
Raman of the ternary glass system, Figure 13, with an increase in the Li2S 
concentration is associated with the creation of non-bridging sulfurs. At low Li2S 
concentrations, there would be a larger number of GeS4/2 tetrahedra with only one 
non-bridging sulfur compared to those Ge tetrahedral units with two or more 
xLi2S + (1-x)GeS2 + 0.1 Ga2S. 
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Figure 13. Raman spectra of xLi2S + (1-x)GeS2 + 0.1Ga2S3 glasses. The three bands at -454, 415, 
and 385 cm"1 are associated with one, two, and three non-bridging sulfurs, respectively. The major 
band at 342 cm'1 is associated with the symmetric stretching (i/,) vibrational mode of the GeS4 and 
GaS4 tetrahedra. 
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non-bridging sulfur units. This assertion is supported by the increase in the intensity 
of the peak at 454 cm"1 for the higher Li2S modified glasses and observed at 40 and 
45 mol% Li2S. Hence, as the concentration of Li2Sincreases, there would be an 
increase in the number of GeS4 tetrahedral units with two non-bridging sulfurs and, 
finally, at even higher l_i2S contents, some GeS4 tetrahedral units with three non-
bridging sulfurs. This behavior in the evolution of non-bridging sulfurs is more 
evident in the binary Li2S + GeS2 Raman spectra where even at 40 mol% Li2S in the 
ternary glass there is evidence of all three Q-units. This more prominent observation 
of non-bridging sulfurs in the binary glasses compared to the ternary glasses is 
strong evidence that the added Ga2S3 is acting as an intermediate glass-former in 
the ternary glasses. The added Ga2S3 consumes the added alkali modifier to form 
tetrahedral [GaS4/2]"1 units and thereby eliminating the non-bridging sulfur units. 
Hence, for the ternary glasses, the concentration of Li2S must be increased 
up to 60 mol%, before the evolution of Ge tetrahedral units with two and three non-
bridging sulfurs is clearly observed and this is evidenced by the increase in the 
intensity of the peaks at 415 and 385 cm"1, respectively. At even higher l_i2S levels, 
there is sufficient concentration of Li2S to force all Ga into tetrahedral coordination 
and still have sufficient Li2S left over to create large fractions of Ge tetrahedral with 
three or more non-bridging sulfur units. At these concentrations the GeS2 + Ga2S3 
glass network is too broken up and the composition fails to be glass forming. Such 
behavior is fully consistent with the widely recognized glass formation rules of 
Zachariasen [47]. 
The investigation of the effect of Ga2S3 on the structure of the glass is 
complicated by the fact that the mass similarities of the Ge and Ga metal atoms, 
which causes the vibrations to be quite similar in the Raman and IR and tends to 
broaden out the bands instead of changing the intensity [61]. The Raman spectra of 
the Lil + Li2S + Ga2S3 + GeS2 glasses do show some evidence that the addition of 
Ga2S3 contributes to the elimination of non-bridging sulfurs. The peaks at -450 and 
-415 cm"1 in the Raman spectra of the quaternary glasses, shown in Figure 14, are 
associated with one and two non-bridging sulfurs, respectively. Evidence of the 
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elimination of non-bridging sulfurs, however, is not completely clear because, as the 
ratio [GeS2/Ga2S3] approaches unity, the symmetric stretching peaks for the GeS4 
(-342 cm-1) and GaS4 (-350 cm-1) tetrahedra broaden the spectra due to a more 
balanced distribution between GeS4 and GaS4 tetrahedra. However, both of the 
peaks at -450 and 415 cm"1, which are associated with one and two non-bridging 
sulfurs, respectively, decrease in intensity from a distinct peak at 5 mol% Ga2S3 into 
slight shoulders at higher Ga2S3 concentrations. The decrease in intensity gives 
some evidence that the addition of Ga2S3 does indeed eliminate non-bridging sulfurs 
in these glasses. 
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Figure 14. Raman spectra of the studied quaternary glasses with various concentrations of GeS2 and 
Ga2S3 and moderately doped with Lil to improve the glass formation of the high Ga2S3 glasses. The 
peak at -345 cm"1 is associated with the Ge and Ga tetrahedra with bridging sulfurs, whereas the 
peaks at -450 and -415 cm"1 are associated with Ge tetrahedra with one and two non-bridging 
sulfurs, respectively. 
41 
4.2.4. Raman Spectra of the Lil + L12S + GeS2 + Ga2S3 Glasses 
The Raman spectra of the quaternary Lil + Li2S + GeS2 + Ga2S3 glasses are 
shown in Figure 15 with varying concentrations of Lil with all other components held 
constant. The addition of Lil to the glass network does not appear to affect the 
structure of the glass. All of the major features of the spectra of the ternary Li2S + 
GeS2+ Ga2S3 glasses are still present. The general shape and peak intensities of 
the spectral envelopes are not strongly dependent on the concentration of Lil. That 
Lil doped glasses exhibit nearly the identical spectra of the undoped glasses is a 
common observation for such halide doped glasses (expect for LiF) and arises from 
the very weak base character of the larger halides [64,65]. The stronger base F is 
sufficiently basic to attack the glass-forming cations in the glass (here Ge"14) and 
form terminal Ge-F units, whereas the weaker base heavier halides simply dissolve 
interstitially into the glass structure without reaction [66]. Therefore, for example, 40 
mol% Lil doped Li2S + GeS2 + Ga2S3 glasses have the same Raman spectra, hence 
the same structural characteristics, as those of the undoped glasses. 
4.2.5. Raman Spectra of the Lil + Li2S + GeS2 + La2S3 Glasses 
There are many similarities between Raman spectra of the Lil + Li2S + GeS2 
+ La2S3 glasses and the Lil + Li2S + GeS2 + Ga2S3 glasses since a majority of the 
components (Lil, Li2S, and GeS2) are the same between the two glass systems. 
While the general shape of the Raman spectra in the La2S3 glasses, shown in Figure 
16, are similar to those of the Ga2S3 system, shown in Figure 13, (most of the 
vibrational modes reside between 300 and 500 cm"1), there are major differences in 
the Raman spectra when Ga2S3 is replaced with La2S3. This suggests that there are 
major differences in the way in which the two components are incorporated into the 
glass. The dominate peak at -345 cm"1, which is associated with the symmetric 
stretching of the GeS4 tetrahedra in the Ga2S3 doped glasses, is no longer the 
dominant peak in the Raman spectra. Instead, there is a peak at -385 cm"1, which 
was previously assigned to the vibrational mode of a GeS4 tetrahedral unit with three 
non-bridging sulfurs, that 
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Figure 15. Raman spectra of Li2S + GeS2 + Ga2S3 glasses with various amounts of Lil doping. The 
addition of Lil to the glass does not affect the structure of the glass evidenced by no change in the 
Raman spectra. 
has become the dominant peak in the spectra. Another dominant shoulder area at 
slightly higher wavenumbers at -415 cm"1 is also visible in the Raman spectra. The 
peak at -415 cm"1 was previous assigned to the GeS4 tetrahedra with two non-
bridging sulfurs. The large broad peak between 150 and 275 cm"1 is the 
combination of a few modes that include the vibration of Ge metal-metal bonds at -
265 cm"1 [60,67], La-S bonds at -220 cm"1 [68], and the previously mentioned 
symmetrical (v2) and asymmetrical (v4) bending modes of the GeS4 tetrahedra at 
-114 and 148 cm"1, respectively. The addition of LazSs to the glass has clearly 
created a large number of two and three non-bridging sulfur units in the glass 
network. The creation of such a large number of non-bridging sulfur units suggests 
that the La3+ ion is octahedrally coordinated where the La3+ ion is surrounded by 
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three non-bridging sulfurs and three already bridging sulfurs [26]. An example of the 
octahedrally coordinated La3+ is shown in Figure 17. The creation of so many non-
bridging sulfurs with the addition of La2S3 may explain the comparatively small glass 
forming range of the Li2S + GeS2 + La2S3 system. However, at only 5 mole % or 
less La2S3, the La3+ ions are likely to be relatively spaced far apart likely not able to 
significantly degrade the glass network. 
The addition of Li2S to the glass network creates non-bridging sulfur units as 
evidenced by the decrease in intensity of the GeS4 symmetric stretching mode at 
-345 cm"1 and the slight increase in the intensity of the peak at -385 cm"1, which is 
associated with tetrahedral units with three non-bridging sulfurs. The Raman 
spectra of the binary Li2S + GeS2 glasses show that at moderate concentrations of 
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Figure 16. Raman spectra of xLi2S + (0.95-x)GeS2 + 0.05La2S3 glasses with various amounts of Li2S 
concentrations and constant La2S3 concentration. The major bands visible at -415, and 385 cm'1 are 
associated with two and three non-bridging sulfurs, respectively. The third visible band at -345 cm"1 
is associated with the GeS4 tetrahedra with bridging sulfurs. 
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Figure 17. Octahedral coordination of La3+ ions in the glass. The La3+ ions are surrounded by three 
non-bridging sulfurs and three sulfurs that are already bridging. Due to packing constraints there is 
an increase in Ge metal-metal bonds. 
Li2S (40-50 mole %) the GeS4 tetrahedra would most likely have two non-bridging 
sulfurs, so the addition of La3+ ions to the glass network, which requires three charge 
compensating non-bridging sulfurs, would cause many of the GeS4 tetrahedra to 
have three non-bridging sulfurs. Due to packing constraints in the glass around the 
octahedrally coordinated La3+ ions, there would likely be an increase in Ge metal-
metal bonds, but at higher concentrations of Li2S, where the density of the glass is 
lower and there is more structural freedom within the glass, the metal-metal bonds 
are not as necessary around the La3+ ions. The evidence of fewer Ge metal-metal 
bonds is shown in Figure 16 with the decreasing intensity of the peak at -265 cm"1. 
As seen in the Ga2Sg glasses, the addition of Lil to the LasSs glasses does 
not cause any considerable change in the glass network as evidenced by no 
significant changes in the Raman spectra of the Lil + Li2S + GeS2 + La2S3 glasses, 
shown in Figure 18, as the Lil concentration increases from 0 to 30 mole %. As 
proposed for the Ga2Ss doped glasses, the Lil dissolves into the available interstitial 
of the glass instead of becoming a structural member of the glass network. 
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Figure 18. Raman spectra of 0.5Li2S + 0.45GeS2 + 0.05La2S3 glasses with various amounts of Li I 
doping. The addition of Li I to the glass does not affect the structure of the glass evidenced by no 
change in the Raman spectra. 
4.2.6. Raman Spectra of the BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
The Raman spectra of the BaS + Lil + Li2S + GeS2 + Ga2S3 glasses show 
many similarities to the spectra of the Li2S + GeS2 + La2Ss and the Li2S + GeS2 + 
Ga2S3 glasses. Although the general spectral envelops are the same among all of 
these glass systems, the Raman spectra of the BaS doped glasses, shown in Figure 
19, clearly show the presence of many two and three non-bridging sulfur units. Most 
of the vibrational modes still reside between 300 and 500 cm"1, but again the 
dominate peak at -345 cm"1, which is associated with the symmetric stretching of 
the GeS4 tetrahedra, is no longer the dominant peak in the Raman spectra of 
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glasses with additions of BaS. Instead, the peak at -385 cm"1, which was previously 
assigned to the vibrational mode of a GeS4 tetrahedral unit with three non-bridging 
sulfurs, that has become the dominant peak in the spectra. 
The base glass of 0.3 Lil + 0.7 [ 0.45 Li2S + 0.45 GeS2+ 0.1 Ga2S3], shown in 
Figure 19, contains evidence of the symmetric stretching mode of the GeS4 
tetrahedra at -345 cm"1 as well as the presence of GeS4 tetrahedra with one, two 
and some three non-bridging sulfur units at - 445, 415, and 385 cm"1, respectively. 
There is also a small peak at ~ 490 cm"1, which is associated with excess sulfur 
arranged in long S8 chains [55]. The addition of BaS to the glass network eliminates 
the excess sulfur with the creation of two non-bridging sulfurs and also eliminates 
the number of GeS4 tetrahedra with only one non-bridging sulfur evidenced by the 
decrease in intensity of the peak at - 454 cm"1. There is a small shoulder slightly 
visible at -415 cm"1 that was previous assigned to the GeS4 tetrahedra with two non-
bridging sulfurs, but as the concentration of BaS increases, the number of GeS4 
tetrahedra with three non-bridging sulfurs continues to increase shown as the 
increasing intensity of the peak at -385 cm"1. The large broad peak between 150 
and 225 cm"1 is the combination a couple of modes that include the previously 
mentioned symmetrical (v2) and asymmetrical (v4) bending modes of the GeS4 
tetrahedra at -114 and 148 cm"1, respectively, and the vibration of Ba-S bonds at 
-200 cm"1. The creation of such a large number of non-bridging sulfur units 
suggests that the Ba2+ ions do, in fact, create two non-bridging sulfur units. The 
non-bridging sulfur units created by the addition of BaS combined with the non-
bridging sulfurs created by the Li2S results in a large concentration of three non-
bridging sulfur units. However, Ba2+ ions do not completely destroy the glass 
network because its +2 charge still allows non-bridging sulfurs to come from multiple 
GeS4 tetrahedral units and thus keeps most of the glass network connected. The 
La2Sg glasses showed a very small glass-forming range due to the large number of 
non-bridging sulfur units, but the ability of Ga2S3 to eliminate some of those non-
bridging sulfurs allows the compositions with higher BaS concentrations to remain 
glass forming. 
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Figure 19. Raman spectra of BaS doped 0.3 Lil + 0.7 [0.45Li2S + 0.45GeS2 + 0.1 La2S3] glasses with 
various concentrations of BaS. The visible bands at -445, 415, and 385 cm"1 are associated with 
one, two, and three non-bridging sulfurs, respectively. The third visible band at -345 cm"1 is 
associated with the GeS4 tetrahedra with bridging sulfurs. 
4.3. Infrared Spectroscopy 
The Infrared spectra of the glasses is concentrated in the far infrared (FIR) 
regions (< 600 cm"1) because of a majority of components found in the investigated 
glasses are heavy materials that are more likely to have IR active modes in the FIR 
region. The Li2S, which is the lightest component in the glass, does not have any IR 
active vibrations and are thus not visible in Mid or Far-IR regions. The MIR region 
was examined, but only to determine if there was any water or oxygen contamination 
in the glass that might affect the performance and properties of the glass and thus 
will not be discussed in this investigation. 
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4.3.1. FIR Spectra of the Li2S + GeS2 Glasses 
The IR spectra of the binary glasses provides additional insight into the 
structure of the binary glasses with a few peak assignments similar to those found in 
the Raman spectra at -446 and -415 cm"1 in the IR, which are the result of the 
formation of two and three non-bridging sulfurs, respectively. As described above, 
FIR is the primary range of the absorption modes of these glasses due to the weight 
and ionic bonding strength of the components used in the glass. The FIR spectra of 
the binary Li2S + GeS2 glasses are shown in Figure 20 and the most intense peak at 
-374 cm"1 is, again, assigned to the symmetric stretching of Ge-S bonds in a 
germanium tetrahedral with bridging sulfurs [69]. This peak decreases in intensity 
and new peaks appear at -446 and 415 cm"1 with increased Li2S and this is most 
likely the result of the formation of two and three non-bridging sulfurs of the GeS4 
tetrahedra, respectively. The assignment of the vibration of the one non-bridging 
sulfur unit was reported at 450 cm"1 in the IR spectra of binary xNa2S + (1-x)GeS2 
glasses [69]. The Li2S + GeS2 glasses have the GeS4 tetrahedra with four bridging 
sulfurs assigned at -340 cm"1 in the Raman and -374 cm"1 in the IR. There would 
be a similar shift in the non-bridging sulfur peaks that would assign the two and three 
non-bridging sulfur modes to -446 and 415 cm"1, respectively, in the IR from -415 
and 385 cm"1 in the Raman. 
4.3.2. FIR Spectra of the Lil + Li2S + GeS2 + Ga2S3 Glasses 
The FIR spectra of the quaternary glasses, shown in Figure 21, have not 
been extensively studied and thus there are not many published peak assignments 
for these glasses. In the IR spectra of the ternary (and quaternary) glasses reported 
here, the similarities of the masses and bond strengths of the Ge and Ga atoms give 
rise to absorption peaks which are very close to one another in frequency (-400 
cm"1) and as such cause the observed peaks to become very broad, thus making it 
difficult to precisely determine the structural aspects of the glass. As was the case 
in the Raman spectra, similarities in the peak positions and shapes of the IR spectra 
of the binary Li2S + GeS2 glasses to those of the ternary glasses do provide some 
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insight, however. The peak at -360 cm'1 in the quaternary glass, shown in Figure 
21, is associated with the asymmetric stretching of the Ge-S-Ge and Ga-S-Ga 
vibrational modes, which is shifted down from -374 cm"1 in the binary l_i2S + GeS2 
glass, but is the most dominant feature and is an IR active mode in both the GeS2 
and Ga2S3 glasses [60]. The peak at -445 cm"1 is most likely associated with the 
GeS4 tetrahedra with two non-bridging sulfurs and the shoulders at -414 cm'1 is 
most likely associated with the GeS4 tetrahedra with three non-bridging sulfurs, 
which correspond to similar peaks found in the binary Li2S + GeS2 [69]. 
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Figure 20. Infrared spectra of the binary Li2S+GeS2 glasses with various concentrations of Li2S and 
GeS2. The peak at -374 cm'1 is associated with the GeS4 tetrahedra with bridging sulfurs, whereas 
the peaks at -445 and 415 cm'1 are associated with a Ge tetrahedra with two and three non-bridging 
sulfurs, respectively. 
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While the effect of 68263 on the number of non-bridging sulfur units is not 
completely clear from the Raman spectra, the FIR spectra shown in Figure 21 more 
clearly shows the elimination of non-bridging sulfurs with the decrease in intensity of 
the peak at -445 cm"1 as the concentration of Ga2S3 increases. As previously 
mentioned, the peak at -445 cm"1 is the result of the formation of a Ge tetrahedra 
with two non-bridging sulfurs and the shoulder at -415 cm"1 is associated with the 
formation of three non-bridging sulfur units. Again, here in the IR spectra, the 
similarities of the Ge and Ga atoms cause the observed bands to become very 
broad at higher concentrations of Ga2ô3, thus making it difficult to precisely 
determine the vibrational modes of the glass, but the decrease in the intensity of the 
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Figure 21. FIR spectra of the studied quaternary glasses with various concentrations of GeS2 and 
Ga2S3 and moderately doped with Lil to improve the glass formation of the high Ga2S3 glasses. The 
peak at -360 cm"1 is associated with the Ge and Ga tetrahedra with bridging sulfurs, whereas the 
peak at -445 cm"1 is associated with a Ge with two non-bridging sulfurs. 
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peak at -445 cm"1, which is associated with two non-bridging sulfur, is clearly visible 
as the concentration of Ga2S3 increases. The intensity of the MS4 asymmetric 
stretching peak at -360 cm"1 does not decrease with the increase in Ga2S3 
concentration as it does in the Raman spectra, but there is clearly a decrease in the 
intensity of the non-bridging sulfur peak at -445 cm"1, which shows the elimination of 
non-bridging sulfur units with increasing Ga2S3 concentration. 
While a strong absorption in the Far-IR region of the spectra would be 
expected for the Lil vibration, this absorption mode is masked by the Cs+T mode of 
Csl that was used as the dispersing medium in which the glasses were mixed. The 
expected absorption range of Li+-T should be -300 cm"1 and since Csl allows spectra 
to be taken down to -100 cm'1, the Csl apparently masks the Li+-T absorption. The 
FIR spectrum of Lil was attempted in a Csl dispersing medium, but the result was a 
relatively flat spectra with no observable vibrational modes. 
4.3.3. FIR Spectra of the Lil + Li2S + GeS2 + La2S3 Glasses 
The Far-IR spectra of the La2S3 glasses are very similar to those of the Ga2S3 
system due to the fact that they mostly contain the same components that make up 
the glass network. The lack of wide compositional flexibility in the La2S3 system 
eliminates the possibility of an extensive study into the effects of La2S3 additions on 
the properties. However, even at 5 mole % La2S3, some information on the bulk 
properties of the glass can be obtained. The FIR spectra of some Li2S + GeS2 + 
La2S3 glasses are shown in Figure 22. The peak at -360 cm"1 is associated with the 
GeS4 tetrahedra with bridging sulfurs and remains fairly constant with increasing 
Li2S concentration, but is not as dominant a vibrational mode as it is in the Ga2S3 
glasses. The FIR spectra of the binary Li2S + GeS2 glasses showed that GeS4 
tetrahedra with non-bridging sulfurs would have vibrational modes at -445 and 415 
cm"1, but it was difficult to assign those peaks to a specific number of non-bridging 
sulfurs from the IR spectra alone. The FIR spectra of the La2S3 glasses combined 
with the Raman analysis of the same glasses assigns the peaks at -445 and 415 
cm"1 to GeS4 tetrahedra with two and three non-bridging sulfurs, respectively. The 
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addition of Li2S would be expected to increase the concentration of two and three 
non-bridging sulfur units, which is evident with the increase in intensity of the peak at 
-415 cm"1. 
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Figure 22. FIR spectra of xLi2S + (0.95-x)GeS2 + 0.05La2S3 glasses with various amounts of Li2S 
concentrations and constant La2S3 concentration. The peaks at -445 and 415 cm"1 are assigned to 
GeS4 tetrahedra with two and three non-bridging sulfurs, respectively. The other visible band at -365 
cm"1 is associated with the GeS4 tetrahedra with bridging sulfurs. 
4.3.4. FIR Spectra of the BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
The FIR spectra of the BaS + Lil + Li2S + GeSz + Ga2S3 glasses show many 
similarities to the spectra of the La2S3 glasses. The spectra of the BaS doped 
glasses, shown in Figure 23, has a dominant peak at -415 cm"1, which is assigned 
to a GeS4tetrahedral unit with three non-bridging sulfurs that grows in intensity as 
the concentration of BaS increases. Again, the combination of the Raman and FIR 
spectra of the BaS glasses support the assignment of the peaks at -445 and 415 
FIR x Li2S + (0.95-x) GeS2 + 0.05 La2S; 
3-NBS 
0-NBS ! 2-NBS 
x = 0.5 
0.45 
0.4 
0.35 
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cm"1 to two and three non-bridging sulfur units, respectively. The peak assigned to 
GeS4 tetrahedra with four bridging sulfurs at -365 cm"1 is also observed in the FIR 
spectra. 
nBaS + (1-n)[0.3 Lil + 0.315 Li2S + 0.315 GeS2 + 0.07 Ga2SJ 
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Figure 23. FIR spectra of BaS doped Lil + Li2S + GeS2 + Ga2S3 glasses with various amounts of BaS 
concentrations. The peaks at -445 and 415 cm"1 can be assigned to GeS4 tetrahedra with two and 
three non-bridging sulfurs, respectively. The other visible band at -365 cm'1 is associated with the 
GeS4 tetrahedra with bridging sulfurs. 
4.4. Thermal Analysis 
4.4.1. DSC Studies of Lil + Li2S + GeS2 + Ga2S3 Glasses 
The glass forming compositions were measured in a Differential Scanning 
Calorimeter (DSC) to determine their glass transition (Tg) and crystallization (Tc) 
temperatures. The Tgs and Tcs were determined from the onset of the increase and 
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decrease, respectively, in the DSC signal (mW) of the DSC scan. The DSC scans of 
the investigated glasses are shown in Figures 25-29. The Tg and Tc values, 
compiled for all of the glass compositions as a function of Lil concentration, are 
shown in Figure 24. 
The DSC thermal analysis data show that, although the Tgs and Tcs correlate 
best with the change in Lil concentration, the GaaSs is also found to be a positive 
contributor to the thermal stability since glasses with the highest concentration of 
Ga2S3 show the highest Tg and Tc values. This observation is in agreement with the 
cross-linking effect expected for Ga2Ss in these glasses. At higher concentrations of 
added Lil, i.e. above 30 mole % and especially beyond 50 mole %, the Tgs of these 
glasses decrease since Lil is now a majority component in the glass. This effect is 
observed in some compositions where the Tgs reach a minimum at Lil 
concentrations > 30 mole % with the other components kept constant in 
concentration. 
The DSC scans also show that the addition of Lil, in most cases, improves 
the glass forming ability as indicated by an increase in ACP (Tg) values and higher Tc 
value. The large endothermic (melting) peak that is visible with an onset 
temperature around 425°C in the Lil doped glasses that grow in intensity as the Lil 
concentration increases is a result of the melting of Lil. The Lil can only melt, 
though, after it first has crystallized out of the glass above Tg, which in this case 
occurs at approximately the same temperature as the bulk glass. The Lil 
crystallization is evidenced in the DSC scans by the broadening of the bulk glass 
crystallization signature and in some cases a second visible exothermic peak. Pure 
Lil has a melting temperature of 469°C [48], but the slight decrease in melting point 
is most likely due to the effect of the host glass network surrounding the dissolved 
Lil. The structural investigation that showed that Lil resides in the interstitial of the 
glass network and not as a full structural member of the glass network and this is 
supported by the evidence of two separate crystallizations and a melting signature 
separate from that of the bulk glass that increases in intensity with the increase of 
Lil. 
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At the highest levels of Lil concentration, the Tgs decrease to the lowest value 
of ~240°C, but the decrease in the Tc is not as great as the decrease in the Tg and 
thus Tc levels off at ~340°C. Therefore, even though there is a decrease in the Tg, 
which is to be expected from the effect of the added Lil, the overall thermal stability 
as measured by an increase in Tc, hence an increase in the Tc-Tg value, of the 
glasses increases as the concentration of Lil increases. The highest Tg was ~330°C 
with 10 mol% Lil and 15 mol% GaaSs. The Tg was found to decease significantly to 
~250°C when 40 mol% Lil is added. 
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Figure 24. Glass transition and crystallization temperatures as a function of Lil with various 
concentrations of Li-Ge-Ga sulfides in the zLil + (1-z)[xLi2S + yGeS2 + (1-x-y)Ga2S3] glass system. 
Closed symbols represent Tgs and open symbols represent Tcs. 
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zLil + (1-z)[0.45 Li2S + 0.5 GeS2 + 0.05 Ga2SJ 
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Figure 25. DSC scans of the zLil + (1-z)[0.45 Li2S + 0.5 GeS2 + 0.05 Ga2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.45 Li2S + 0.45 GeS2 + 0.1 Ga2SJ 
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Figure 26. DSC scans of the zLil + (1-z)[0.45 Li2S + 0.45 GeS2 + 0.1 Ga2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~425°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.5 Li2S + 0.45 GeS2 + 0.05 Ga2S3] 
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Figure 27. DSC scans of the zLil + (1-z)[0.5 Li2S + 0.45 GeS2 + 0.05 Ga2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.55 Li2S + 0.4 GeS2 + 0.05 Ga2SJ 
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Figure 28. DSC scans of the zLil + (1-z)[0.55 Li2S + 0.4 GeS2 + 0.05 Ga2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.5 Li2S + 0.4 GeS2 + 0.1 Ga2SJ 
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Figure 29. DSC scans of the zLil + (1-z)[0.5 Li2S + 0.4 GeS2 + 0.1 Ga2S3] glass series. The addition 
of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic peak 
~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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4.4.2. DSC Studies of Lil + Li2S + GeS2 + La2S3 Glasses 
The thermal characteristics of glasses in the Lil + Li2S + GeS2 + La2S3 glass 
system are similar to that of the Ga2S3 glass system, with the Tgs and Tcs correlated 
with the concentration of Lil in the glass. Glasses with no Lil have the highest Tgs of 
~330°C, whereas glasses with 40 mole % Lil have the lowest Tgs of ~220°C. 
Although the concentration of La2S3 remains constant at 5 mole % and its effect on 
the thermal stability of the glass cannot be fully investigated, the Tg of the ternary 
0.45 Li2S + 0.5 GeS2 + 0.05 La2S3 glass is the highest of any of the investigated 
glasses in either system. The thermal stability of these glasses with the addition of 
Lil, however, decreases significantly. This is in contrast to the Ga2S3 doped glasses 
where the stability increases with added Lil. The Tgs of glasses in the La2S3 system 
with 20 and 30 mole % Lil are lower than the equivalent Ga2S3 glasses with 40 mole 
% Lil added. This dramatic decrease in thermal stability is most likely due to the fact 
that La2S3 disrupts the glass network with the creation of three non-bridging sulfurs 
instead of the elimination of them, as is the case with Ga2S3. 
The increase in melting temperature of the added La2S3 at 2110°C [48] 
compared to 1090°C [48] for Ga2S3 results in a slight improvement in thermal 
stability in the ternary Li2S + GeS2 + La2S3 glass system, but the ionic bonds 
between the La3+ ions and the sulfide ions are much weaker than the covalent bonds 
associated with GaS4/2 tetrahedra and thus more susceptible to the additions of 
other network modifiers, which may cause network instability [48]. The 
concentration of Li2S, as shown in the structural analysis, also has a much greater 
effect on the glass network in the La2S3 glasses compared to the Ga2S3 glass 
network and thus affects the thermal stability to a greater extent. Slight increases in 
Li2S concentration in the La2S3 glasses create more two and three non-bridging 
sulfur units that severely disrupts the glass network causes the decrease in the Tg to 
be greater. This is also can be attributed to the increased number of non-bridging 
sulfurs created by the addition of La2S3. 
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As shown above for the Ga2S3 glasses, a large endothermic peak in DSC 
scans of the La2S3 glasses, attributed to the melting of Lil, appears with the onset 
around 430°C and grows in intensity as the concentration of Lil increases. The Lil 
also crystallizes out of the glass around the crystallization temperature of the bulk 
glasses, which is evidenced by the broadening of the crystallization peak and 
sometimes a separate exothermic peak. The addition of Lil, in these glasses, does 
not improve the thermal stability toward crystallization (the difference between the Tg 
and Tc) since there is relatively no change between the Tg and Tc values as the 
concentration of Lil increases. This lack of stability towards crystallization is also 
evidenced by the lack of improvement in the glass forming ability of the Lil doped 
La2S3 glasses. 
h-
450 
400-
350-
300-
250-
200 
' I 1 1 1 
\ o 
1 
• 
1 
^ A 
Mole % Li2S -
• / n 0.4 
• / O 0.45 
A / A 0.5 
• 
1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 > 1 r-
0 5 10 15 20 25 30 35 40 45 
Mole % Lil 
Figure 30. Glass transition and crystallization temperatures as a function of Lil with various 
concentrations of Li-Ge-La sulfides in the zLil + (1-z)[xLi2S + yGeS2 + (1-x-y)La2S3] glass system. 
Closed symbols represent Tgs and open symbols represent Tcs 
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zLil + (1-z)[0.5 Li2S + 0.45 GeS2 + 0.05 La2S3] 
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Figure 31. DSC scans of the zLil + (1-z)[0.5 Li2S + 0.45 GeS2 + 0.05 La2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.45 Li2S + 0.5 GeS2 + 0.05 La2S3] 
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Figure 32. DSC scans of the zLil + (1-z)[0.45 Li2S + 0.5 GeS2 + 0.05 La2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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zLil + (1-z)[0.4 Li0S + 0.55 GeS0 + 0.05 La2SJ 
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Figure 33. DSC scans of the zLil + (1-z)[0.4 Li2S + 0.55 GeS2 + 0.05 La2S3] glass series. The 
addition of Lil to the glass results in a decrease of both the Tg and Tc of the glass. The endothermic 
peak ~450°C is a result of the melting of Lil in the glass and not the glass itself. 
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4.4.3. DSC Studies of BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
BaS was added to the glass primarily to improve the stability of the glass in 
dry air, but as is the case in many glass modifiers, there can be a dual benefit to the 
glass. Generally, the creation of non-bridging units breaks down the glass network 
and causes the glass to become thermally unstable, but since BaS is high melting 
modifier at 2230°C [48] that will create two non-bridging sulfurs on adjacent GeS4 
tetrahedra, the glass network will remain connected through weaker ionic bonds. 
The glass transition and crystallization temperatures of the BaS doped 
glasses shown in Figure 34 display the improvement of the thermal stability with an 
increase of the Tgs from ~240°C for the undoped glasses to ~ 280°C for the 30 mole 
% BaS glasses. Some of the improvement in the thermal stability can be attributed 
to the decrease in concentration of both the Li2S and Lil with the increasing 
concentration of BaS because the Tgs are similar between the BaS doped glasses 
and the similar undoped base glasses with ~ 20 mole % Lil. There is a similar 
improvement in the thermal stability towards crystallization if the same comparison 
between the Tcs of the BaS doped glasses and the 20 mole % Lil glass is made. 
The crystallization temperature of the undoped glass at 20 mole % is ~ 335°C 
compared to ~345°C at 30 mole % BaS. 
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Figure 34. Glass transition and crystallization temperatures as a function of BaS in the glass system 
nBaS + (1-n)[0.3Lil + 0.7[0.45Li2S + 0.45GeS2 + 0.1Ga2S3]. Closed symbols represent Tgs and open 
symbols represent Tcs. 
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4.5. Impedance Spectroscopy 
4.5.1. Lil + Li2S + GeS2 + Ga2S3 Glasses 
In order to accurately measure the d.c. conductivity, the values were 
determined using a Nyquist plot, an example of which is shown in Figure 35, by 
extrapolating the imaginary part of the impedance to the intercept along the Z' axis. 
The complex plane plot is seen in the low temperature measurements as a 
semicircle where the impedance is high. As the temperature of the sample 
increases and the impedance decreases, the arc converts to a spike resulting from 
the electrode polarization. 
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Figure 35. Nyquist plot of the complex impedance for the 0.55 Li2S + 0.4 GeS2 + 0.05 Ga2S3 glass. 
The frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10MHz. 
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Arrhenius plots of the d.c. conductivity of the bulk glasses in the ternary Li2S + 
GeS2 + Ga2S3 system are shown in Figure 36. These glasses display room 
temperature conductivities of ~10"5 (Q cm)"1 which varies with the amounts of Li2S 
and Ga2S3. Significantly, the composition with only 45 mol% l_i2S and 10 mol% 
Ga2S3 gives a slightly higher conductivity than a similar glass with 50 and 5 mol%, 
respectively, although, there is very little difference in the conductivity amongst the 
three compositions at any temperature. The glasses also show a non-Arrhenius 
behavior in the conductivity at high temperatures. The non-Arrhenius behavior has 
been observed and studied by Kincs and Martin in the silver thioborosilicate system 
as well as others and models have been developed in an attempt to explain the 
behavior [70,71,72,73,74]. Since this behavior has been observed before in other 
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Figure 36. Ionic conductivity of ternary xLi2S + yGeS2 + (1 -x-y)Ga2S3 glasses with increasing 
temperature. 
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FIC glass systems, is not specific to this glass system, and finally is not a major 
objective of this study, further analysis of the mechanism for the non-Arrhenius 
conductivity will be left for another study. 
It is not until the base glasses are doped with Li I that significant increase in 
conductivity can be seen. Figure 37 shows the conductivity as a function of 
temperature for the glass of composition zLil + (1-z)[0.45 Li2S + 0.45 GeS2 + 0.1 
Ga2S3] with increasing Li I concentration. The room temperature conductivity 
increases from ~10"5 (Q cm)"1 at 0% Li I to >10"3 (Q cm)"1 at 30% Lil. The dramatic 
increase in conductivity with the increase in Lil is a result of an increase in the 
number of mobile ions introduced into the glass along with the fact that the Li+ ions 
brought in with the Lil are more likely to be more mobile than the Li+ ions bonded to 
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Figure 37. Ionic conductivity of zLil + (1-z)[0.45 Li2S + 0.45 GeS2 + 0.1 Ga2S3] glasses with various 
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a sulfur. Doping levels greater than 30 mole % Lil showed only slight increases in 
the room temperature conductivity, but had similar conductivities at elevated 
temperatures, consistent with decreasing activation energy (AEact) and a constant 
conductivity pre-exponential factor (a0). Again, the conductivity data shows a non-
Arrhenius behavior at higher temperatures in a number of the glasses. As we have 
observed in other FIG glasses [70], the non-Arrhenius conductivity behavior 
increases as the conductivity (Lil content) increases. 
The saturation (maximum) in the conductivity can be seen in almost every 
composition at concentrations > 30 mole % Lil. Such saturation behavior can also 
be seen in Tg data. The conductivity data displayed in Figure 37 shows little to no 
change in the conductivity as the concentration of Lil is increased beyond 30 mole % 
to 40 and 50 mole %. One possibility for this behavior is that at higher Lil 
concentrations, there is the possibility of higher weight losses due to Lil vaporization, 
which has a relatively low melting temperature. This evaporation would produce a 
glass composition with less Lil still in the melt. In this case, the glass would have 
similar properties as those with lower Lil concentrations. However, weight loss 
measurements only showed minimal weight losses of ~3 wt% even at the higher Lil 
concentrations. Hence, a more likely cause to the saturation behavior is that at and 
above 30% Lil (a common structural and compositional percolation limit) the Lil 
would have percolated through the structure and as such, have saturated its effect 
upon the properties of the ion conducting glasses. 
Although the increase of Lil concentration clearly improves the ionic 
conductivity, Figure 38 and Figure 40 show that the composition of the ternary Li2S + 
GeS2 + Ga2Ss base glass also has a contribution to the overall conductivity and 
activation energy of the glass. For example, the ternary composition described 
above, 0.45 Li2S + 0.45 GeS2 + 0.1 Ga2S3, shows a higher conductivity with 30 
mol% Lil than the glass with 55 mole % Li2S and only 5 mole % Ga2Sg at the same 
Lil doping level. In both the Lil doped and undoped glasses, there is a correlation 
between the room temperature conductivity and the ratio of Li2S and GeS2 or, more 
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Figure 38. Conductivity of various quaternary glasses with 30 mol% Lil content and various amounts 
of Li2S+GeS2+Ga2S3 with increasing temperature. 
precisely, the ratio of structural Li to Ge. The added Lil is not considered to be part 
of the glassy structure, but is instead dissolved interstitially between the structural 
members (GeS2 and Ga2S3) of the glassy structure. The glasses with the ratio of 
two lithium ions to every one germanium ion (Li2S:GeS2) tend to have the highest 
conductivity. Although there is no significant difference in the room temperature 
conductivity values shown in Figure 40, which shows a few different glasses with 
ratios of Li2S to GeS2 at a moderate Lil doping level, there is a conductivity 
maximum at the 1:1 ratio. These particular glasses are doped with 30 mole % Lil in 
order to provide a wider glass forming range (recall Lil is found to improve the glass 
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forming character of these compositions) of Li:Ge ratio values to more easily 
observe the conductivity maximum. 
The other observation shown in Figure 40 is that small additions of Ga2S3 to 
the glass cause a slight increase in the conductivity. The two points compositions 
that show the highest room temperature conductivity are for compositions that have 
10 mole % Ga2S3. Surprisingly, however, in these two glasses the conductivity 
decreases as the concentration of Li2S increases. The glasses with only 5 mole % 
Ga2S3 shows a similar trend (higher conductivity with higher Ga2S3 content) at 
slightly lower conductivities, again with the highest conductivity at 45 mole % l_i2S 
and the lowest room temperature conductivity at 55 mole %. The compositions with 
15 mol% Ga2S3, however, shows lower room temperature conductivities, but the 
same trends cannot be determined since glasses with high concentrations of Ga2S3 
and Li2S cannot be produced. The increase in the conductivity with small additions 
of Ga2S3 can be attributed to the elimination of non-bridging sulfurs by the GaS^/2 
units and weak bonds between those bridging [GaS^" units and Li+ ions as shown in 
Figure 39. Further additions of Ga2S3 (>10 mole %) cause the composition to 
become more refractory and thus be less glassy with a lower ionic conductivity. 
Figure 39. The attraction between the Li+ ions and the bridging [GaS4]" are weaker than those 
bonded to the sulfur atom thus making the Li+ ions associated with the GaS4 units more mobile. 
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[Li2S/GeS2] 
Figure 40. Room temperature conductivity and activation energy values for glasses with various 
Li2S:GeS2 ratios. All of the glasses are doped with 30 mol% Lil. The lines through the data connect 
data points with the same concentration of Ga2S3. 
4.5.2. Lil + Li2S + GeS2 + La2S3 Glasses 
The results of the ionic conductivity of the l_a2S3 glasses, shown in Figure 41 
and Figure 42, are a bit surprising because of the results obtained in the structural 
analysis of the glasses. The Raman and Far-IR analysis showed that the La3+ ions 
do not form tetrahedra and eliminate non-bridging sulfurs as do Ga3+ ions do and 
instead create non-bridging sulfurs units. Generally, the creation of so many non-
bridging sites by non-alkali modifiers causes a reduction in the conductivity because 
the non-bridging sites occupied by the modifier can no longer be utilized by the 
mobile alkali ions. This causes a reduction in the number of available conducting 
sites and an increase in jump distance between available sites, which can lead to a 
decrease in conductivity. The addition of La2S3 to the glass, in this case, improves 
the conductivity of the ternary Li2S + GeS2 + l_a2S3 glasses and order of magnitude 
to ~10"4 (Q cm)"1 from ~10"5 (Q cm)"1 in the ternary Li2S + GeS2 + Ga2S3 glasses. 
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Figure 41. Ionic conductivity of zLil + (1-z)[0.45 Li2S + 0.5 GeS2 + 0.05 La2S3] glasses with various Lil 
concentrations with increasing temperature. The decrease in conductivity of the z=0.4 glass is due to 
thermal instability and crystallization of the material at elevated temperatures. 
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While the improvement in conduction with the addition of Ga2S3 is due to the 
elimination of non-bridging sulfurs and the weak bonds between the bridging GaS4 
units with Li+ ions, the improvement in conduction with the addition of La2S3 is 
because of an entirely different reason. The concentration of La2S3 is limited to 5 
mole % it is likely that the La3+ ions are evenly distributed amongst the glass and, 
although there are six sulfur atoms surrounding the La3+ ion (three bridging and 
three non-bridging) and the density around the La3+ ion is high, the density 
throughout the remainder of the glass is much lower and the mobility of alkali ions 
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Figure 42. Ionic conductivity of zLil + (1-z)[0.5 Li2S + 0.45 GeS2 + 0.05 La2S3] glasses with various Lil 
concentrations with increasing temperature. The small range of temperatures for the z=0.4 glass is 
due to thermal instability and crystallization of the material that dramatically decreased the 
conductivity at elevated temperatures. 
would be higher thus improving the conductivity. The addition of Li2S is also more of 
a factor in the La2S3 glasses than it is in the Ga2S3 glasses where an increase of 
l_i2S concentration results in a increase in room temperature conductivity, whereas in 
the Ga2S3 glasses, the best conducting glasses are those with 45 and not 50 mole % 
U2S. 
The slight improvement of the conductivity in the l_a2S3 glasses over the 
Ga2S3 glasses is only true in the ternary Li2S + GeS2 + La2S3 glasses and not the 
case in the quaternary glasses with Lil additions. As is the case in the Ga2S3 
glasses, the addition of Lil improves the ionic conductivity dramatically. Glasses 
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with 45 mole % Li2S, shown in Figure 41, display a slight improvement in 
conductivity with an increase in Lil concentration from 30 to 40 mole %, but the glass 
does not exceed conductivity levels above any of the best conducting glasses in 
either the La2S3 or Ga2S3 system. Glasses with 50 mole % Li2S and 30 mole % Lil 
actually have very similar conductivities than the best conducting glasses in the 
Ga2S3 systems, as shown in Figure 43, which is evidence that the Lil in the glass is 
the most mobile species in the glasses and most likely the primary contributor to the 
conductivity over the Li+ ions that created the non-bridging sulfurs units. The La2S3 
glasses with concentrations of Lil above 30 mole % become thermally unstable at 
temperatures above 100°C as evidenced by a significant decrease in conductivity at 
temperatures above 100°C. 
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Figure 43. Room temperature conductivity comparisons between the best conducting Ga2S3 and 
La2S3 glasses of various compositions. The open symbols represent the La2S3 glasses and the 
closed symbols represent the Ga2S3 glasses. The conductivities of the La2S3 glasses are higher at 
low concentrations of Lil, but both sets of glasses reach a maximum at >10"3 (£2 cm)"1. 
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4.5.3. BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
The addition of BaS to the glass system was in an attempt to improve the 
chemical stability of the glass because Ba is an alkaline earth element that is 
chemically stable and, even though it creates two non-bridging sulfurs, it keeps the 
glass network connected thus reducing the susceptibility to chemical attack. The 
Ba2+ ions may improve the chemical stability by linking two non-bridging sulfur units 
together and slows down the diffusion of both the mobile ions and the attacking 
species, but it unfortunately decreases the ionic conductivity of the glass as shown 
in Figure 44. BaS was systematically added to the best conducting glass to show 
how the increase in BaS concentration decreases the ionic conductivity. 
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Figure 44. Ionic conductivity of nBaS + (1-n)[0.3Lil + 0.7(0.45 Li2S + 0.45 GeS2 + 0.1 Ga2S3)] glasses 
with various BaS concentrations with increasing temperature. 
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The highest conducting glass with room temperature conductivity at >10"3 (Q 
cm)-1 and no BaS is reduced down to ~1CT5 (Q cm)-1 with the addition of 30 mole % 
BaS. Although some of the decrease in conductivity can be attributed to the 
decrease in concentration of Lil and Li2S, which reduces the number of mobile ions, 
the decrease is not significant enough to drop the conductivity to the levels shown in 
Figure 44. The reduction in conductivity with the addition of BaS is most likely due 
to the size and nature of the bonding associated with Ba, which has an ionic radius 
of -1.5 Â and will bond with sulfur anions and possibly [GaS4]" units. Ba ions will 
create two non-bridging sulfur units, as shown in Figure 45 (a) and mostly likely 
Figure 45. The addition of BaS creates two non-bridging sulfur units in (a), but allows the glass 
network to remain connected thus improving the resistance toward chemical attack. The [GaS4]" units 
in (b) allow the Ba2+ ions to create a single non-bridging sulfur unit. 
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reside in the interstitiels of the glass where their large size will either completely 
block the conducting pathways for the Li+ ions or increase the strain energy required 
for the Li+ ions to move through the glass network thus reducing the conductivity. 
There may be instances where the Ba2+ ion is also associated with the [GaS4]~ units, 
as shown in Figure 45 (b), which removes that site as a possible Li+ ion conducting 
site. The elimination of [6384]" units, which have weaker attractive forces compared 
to the non-bridging sulfur sites, forces the mobile Li+ ions to jump between the more 
strongly bonded non-bridging sulfur sites thus reducing the conductivity of the glass. 
4.6. Density Measurements 
4.6.1. Densities of Lil + Li2S + GeS2 + Ga2S3 Glasses 
The densities of the Lil + Li2S + GeS2 + Ga2S3 glasses range between 2.7 
and 3.0 g/cm"1 with molar volumes ranging between 37 and 41 cnf/mole. Both the 
molar volume and density values correlated well with the concentration of Li2S 
where an increase in Li2S caused a decrease in both the density and molar volume 
of the glass. A decrease in density with increasing alkali modifier would be expected 
since, not only is Li2S the least dense component of the glass, but the added alkali 
modifier creates non-bridging sulfur units that cause a disruption of the glass 
network thus opening up the glass network. The densities and molar volumes of the 
glasses, as a function of Li2S, are shown in Figure 46. There is a slight correlation 
between the density and Lil concentration (increasing Lil increases density) and is 
shown in Figure 50, but the density and molar volume of the glass did not correlate 
linearly with the other glass components and as such indicate that these 
components have interrelated correlations to the density and molar volume. The 
measured samples all have varying amounts of Lil, Li2S, GeS2, and Ga2S3. 
Surprisingly, a stronger correlation between the density and concentration of 
Lil does not exist even though the crystalline analog is much denser at 4.06 g/cm3 
than GeS2 (3.00 g/cm3), Ga2S3 (3.70 g/cm3), and especially Li2S at 1.66 g/cm3. The 
iodide anion is also much larger (1.15 À) than the sulfide anion (0.88 Â) and Lil is 
81 
believed to open up the glass network by dissolving interstitially into the glass [64]. 
The densities of the glasses as a function of Lil concentration are shown in Figure 
50. What makes the lack of a strong correlation so surprising is the fact that, in 
some cases, the concentration of Lil is 40 mole % of the entire glass composition 
and, while there is a general increase in density with increasing Lil concentration, 
there is also a very large standard deviation amongst the density values at 30 and 
40 mole % Lil. The density of similar alkali germanate glasses, from a literature 
review [64], show similar trends (decreasing density with increasing alkali modifier) 
at alkali concentrations above 15 mole %, but the decrease in alkali content was not 
offset by the increase in a much denser material such as Lil. 
Although there is a strong correlation between the density and the 
concentration of Li2S, the density is also affected by the concentration of Lil 
E 2.8 
o? 2.7 
a) 2.5 
Mole% Li2S 
Figure 46. Density of the glasses and molar volumes as a function of increasing Li2S content in the Lil 
+ Li2S + Ga2S3 + GeS2 glass system. (•) Experimental density and (o) calculated molar volume data 
collected of various bulk glasses. 
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because it is the heaviest component. Another important contribution to the density 
is how open the glass structure is before the Lil is added, which is where the 
concentration of Li2S becomes a factor. Raman spectroscopy and thermal analysis 
have already shown that because Lil contains the very low basicity I" anion, it does 
not react with the host thio-germanate network structure, but instead resides in the 
interstitials of the glass network. This behavior may increase the volume of the glass 
by dilating the glass network through the large radius of the I anion. 
However, if the glass network is already substantially depolymerized with high 
concentrations of Li2S (many non-bridging sulfurs), the molar volume of the glass 
may be relatively unchanged. Hence, the roles of the dopant salt Lil and the sulfide 
glass modifier Li2S may be complementary and affect the density and the molar 
volume in the same way. It must be noted, however, that the total number of non-
bridging sulfurs is also dependent on the relative concentration of the glass former 
(GeS2) and the intermediate (Ga2Ss). In the case of the latter, it is expected to assist 
in eliminating some non-bridging sulfurs through the formation of tetrahedral GaS^" 
units. Thus, determining a correlation between the density and/or molar volume with 
any one component becomes difficult. In general, though, when examining the 
density of the glasses around the two extremes of low and high density, the higher 
density glasses have lower concentrations of Li2S and higher concentrations of Lil, 
whereas the lower density glasses tend to have higher Li2S contents and lower Lil 
concentrations. The glasses that have densities more towards the middle of the 
range of this behavior do not follow the same trend due to the interaction of the other 
two components in the glass. 
While generalizations can be made on what glass component effects the 
density and molar volume to the greatest extent, examining the density and molar 
volume of the glasses with the ionic conductivity can give some insight into the effect 
of each on the conductivity. Figure 47 shows the room temperature conductivity of 
various Lil + Li2S + Ga2Ss + GeS2 glasses with their respective densities and Figure 
48 shows the same glasses with their respective molar 
83 
E 
o 
a 
P 
LO 
OU 
2.70 2.75 2.80 2.85 2.90 2.95 3.00 
Density (g/cm ) 
Figure 47. Room temperature conductivities of various Lil + Li2S + Ga2S3 + GeS2 glasses versus the 
bulk density of the glasses. An increase in density results in an increase in room temperature 
conductivity due to the increase in Lil concentration. The line is a guide to the eye. 
volumes. The conductivity versus density plot shows that, except for a few 
compositions, an increase in density increases the conductivity until the conductivity 
reaches a saturation level just about 10"3 (Q cm)"1. The increase in conductivity with 
density is due to the increase in Lil concentration, which has the highest density and 
highest mobility of the other glass components. The conductivity versus molar 
volume plots shows that, except for a few compositions, the conductivity increases 
with increasing molar volume. 
The molar volume and density are complimentary to each other, since the 
molar volume is equal to the molecular weight of the glass composition divided by 
the density of the glass, but the combination of the two sets of data (molar volume 
and density versus conductivity) gives a good picture of how the mobility of the ions 
in the glass are truly affected by the changes in density and molar volume. The 
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Figure 48. Room temperature conductivities of various Lil + Li2S + Ga2S3 + GeS2 glasses versus the 
molar volume of the glasses. An increase in molar volume results in an increase in room temperature 
conductivity due to an increase in free space within the glass network. The line is a guide to the eye. 
density of the glass would be calculated by mass of all the glass components divided 
by the volume. In order to keep the pathways for conduction free within the glass, 
the volume change of the glass must increase at the same rate as the mass 
increase in the glass or as the density increases, the molar volume must also 
increase at a similar rate. A majority of the glasses displayed in Figure 47 and 
Figure 48 follow that trend. The few exceptions to the trend show that, as the 
density increases and the molar volume does not increase at the same rate, the 
room temperature conductivity remains relatively low. More specifically, glasses 26 
and 27 both contain 15 mole % Ga2S3 that most likely decreases the molar volume, 
but increases the density of the glass by eliminating non-bridging sulfurs, which 
keeps the glass network connected and blocks conducting pathways. 
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4.6.2. Densities of Lil + Li2S + GeS2 + La2S3 Glasses 
The densities of the Lil + Li2S + GeS2 + La2S3 glass system show similar 
trends as that of the Ga2S3 glass system, with a good correlation between the 
density and the Li2S concentration. The densities of glasses in the La2S3 system 
range from -3.05 g/cm3 at low Li2S concentration down to -2.75 g/cm3 at high Li2S 
concentrations and can be seen as a function of Lil and Li2S in Figure 49 and Figure 
50, respectively. Although the same general trends still exist in the La2S3 glass 
system (decreasing density with increasing Li2S concentration and increasing 
density with increasing Lil concentration), the densities of the glasses in the La2S3 
system are slightly higher than the glasses in the Ga2S3 system. The higher density 
of the glasses is a result of the higher density of La2S3, which is 4.9 g/cm3 [48], 
compounded by the fact that heavy La atoms (138.9 g/mole) do not form into LaS4 
tetrahedra and instead reside in the interstitials of the glass, thus increasing the 
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Figure 49. Density of glasses in the Lil + Li2S + GeS2 + La2S3 glass system as a function of Li2S 
concentration. The line is a best-fit line and shows that the density decreases with increasing Li2S 
content. 
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Figure 50. Density of glasses in the Lil + Li2S + Ga2S3 + GeS2 and Lil + Li2S + La2S3 + GeS2 glass 
systems as a function of Lil concentration. The line is a best-fit line for each glass system. Although 
there is a general trend for the density to increase as Lil content increases, there is a very large 
deviation amongst the glasses at 30 and 40 mole % Lil. 
Ga2S3 glasses 
l_a2S3 glasses 
mass without increasing the volume dramatically. The octahedral coordination of the 
La3+ ion requires that it be surrounded by three non-bridging sulfurs and three 
sulfurs that are already bridging and thus the glass network around the La3+ ion is 
likely to be much denser than the rest of the network. 
The conductivity of the La2Ss glasses does not have the same correlation with 
the density and molar volume of each glass compared to the glasses in the Ga2Ss 
system because the La2S3 does not eliminate non-bridging sulfurs. The room 
temperature conductivity of the LaaSs glasses do correlate well with the addition of 
Lil, with increasing Lil concentration resulting in an increase in ionic conductivity. 
The data shown in Figure 50 clearly shows that an increase in Lil results in an 
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increase in the density, which leads to the conclusion that an increase in the density 
results in an increase in conductivity in the La2S3 glasses. 
4.6.3. Densities of BaS + Lil + Li2S + GeS2 + Ga2S3 Glasses 
The addition of BaS to the Lil + Li2S + GeS2 + Ga2Sg glasses increases the 
density of the glass, shown in Figure 51, from -2.9 to 3.2 g/cm3 as the concentration 
of BaS increases from 0 to 30 mole %, respectively. The molar volume of the 
glasses, also shown in Figure 51, displays a significant decrease from -39.5 to 38.8 
cm3/mole with the addition of 10 mole % BaS, but between 0 and 10 mole % BaS 
followed by an increase in molar volume from 10 to 30 mole % BaS. The increase in 
density is most likely due to the incorporation of the high density BaS (4.25 g/cm3) 
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Figure 51. Density and molar volumes of BaS doped glasses. The lines through the data are best-fit 
lines. 
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into the glass. The initial reduction of molar volume at 10 mole % BaS can be 
attributed to the fact that the heavy Ba2+ ions reside in the interstitials of the glass 
network and keep the glass network well connected. The increase in density with 
decreasing molar volume is the primary reason the ionic conductivity decreases with 
increasing BaS concentration, but is also the reason that the addition of BaS 
improves the chemical stability of the glass. The addition of Ba2+ ions that reside in 
the interstitials of the glass network block the movement of mobile ions in the glass 
by reducing the number of conducting pathways. 
4.7. Chemical Stability Measurements 
4.7.1. Stability in Dry Air 
The ability for the solid electrolyte to be stable in a dry air environment is not 
critical to the performance of the electrolyte in a battery application, but may be 
necessary to cost effectively store and manufacture Li ion batteries using the glassy 
solid electrolyte. As previously mentioned, the improvement of the chemical stability 
of a glass requires the alteration of the glass network to reduce the diffusion-
controlled properties of the glass. Since the conducting ions are the most mobile 
species in the glass and the most susceptible to chemical attack, the improvement of 
the chemical stability means a decrease in the ionic conductivity. 
The most chemically stable glasses in the Lil + Li2S + GeS2 + Ga2S3 are 
those that have not been doped with Lil and systematically decrease in stability as 
the concentration of Lil increases. The decrease in chemical stability is expected 
with increasing Lil because the addition of Lil increases the number of mobile ions. 
Figure 52 shows that the glass without any Lil was the most stable in a dry air 
environment with only a slight weight increase of <1% over a 3.5 hour period. The 
same glass that was doped with 20 and 30 mole % Lil have weight increases of 3.8 
and 13%, respectively. While the undoped and 20 mole % Lil doped glasses stop 
increasing in weight during the 3.5 hour test, the 30 mole % Lil doped glass 
continues to increase in weight throughout the entire test, which is primarily due to 
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Figure 52. Ga2S3 glasses measured in the TGA with a dry air environment for 3.5 hours. The bottom 
curve that has a weight % increase of -0.5 % is the z = 0.3 glass measured in dry N2 instead of dry 
air as a baseline measurement. 
the increase in number of mobile ions susceptible to chemical attack. Since Lil is 
not a true structural member of the glass that resides in the interstitials of the glass 
and is fairly hydroscopic in its own right, the increase in Lil concentration will 
inevitably cause the glass to become chemically unstable because, not only is there 
a significant increase in the number of mobile ions, the mobile ions can more easily 
diffuse to the surface of the glass where they can react with the surrounding 
atmosphere. A control test of the Lil doped glass was run over the same time period 
in N2 gas instead of dry air. The result was a weight increase of less than 0.5 % 
over the 3.5 hour test period. 
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The TGA measurements of the BaS doped glasses, shown in Figure 53, 
clearly show that the addition of BaS to Ga2S3 glass improves the chemical stability 
of the glass in a dry air environment. The undoped glass has a weight increase of 
13 % over the 3.5 hour period and looks as if it would continue to is increase for 
some time past the 3.5 test period. As the BaS concentration increased to 10, 20 
and 30 mole %, the weight increase is reduced to 7, 4, and 2 weight %, respectively. 
Again, as the BaS concentration increases, the number of mobile ions that would be 
likely to react does decrease, but does not decrease to concentration levels below 
that of the ternary Li2S + GeS2 + Ga2S3 base glass. 
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Figure 53. TGA measurements of the BaS doped glasses tested in a dry air environment over a 3.5 
hour period. The increase in BaS clearly improves the chemical stability in dry air. 
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As previously discussed, the addition of Ba2+ ions into the glass improves the 
chemical stability because they reside in the intestinal of the glass network and 
keeps it tied together, which blocks the movement of mobile ions and attacking 
species in the glass. By blocking the movement of the mobile alkali ions in the glass 
and the attacking species, the probability of the alkali ions to leach out of the glass is 
reduced. Generally, as the alkali ions leach out of the glass, the network starts to 
break down and "open up" thus making the remainder of the glass more susceptible 
to future chemical attack. The ability of the Ba2+ ions to keep the glass network 
connected improves the susceptibility of the bulk glass to chemical attack by keeping 
a majority of the glass network intact even though some of the alkali ions may leach 
out of the glass. 
The LagSs glasses measured in the TGA in a dry air environment, shown in 
Figure 54, have a slight improvement in the thermal stability over the Ga2S3 glasses 
even with only a 5 mol % addition of La2ôg to the glass. The addition of La2Sa 
incorporates a chemically stable component to the glass without disrupting the glass 
network too much. The trivalent La3+ ions keeps the glass network tied together 
similar to the way Ba2+ cations do, so the glass is not as susceptible to chemical 
attack. The improvement in chemical stability is evident in the weight increase of 
only -0.5 % for the glasses without any Lil and -4.5 % with 30 mole % Lil compared 
to 1 and 13 %, respectively, in similar Ga2S3 glasses. The weight increase does not 
level off over time in the glasses with 20 and 30 mole % Lil, but the rate of chemical 
attack is just slightly slower than the Ga2Ss glasses. 
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Figure 54. TGA measurements of various La2S3 doped glasses tested in a dry air environment over a 
3.5 hour period. The increase in Lil decreases the chemical stability in dry air. 
4.7.2. Electrochemical Measurements 
The electrochemical stability and stability in contact with Li metal for all the 
investigated glass proved to be quite good without the need for the addition of other 
glass modifiers. The stability of the glasses in contact with Li metal were examined 
more qualitatively than qualitative by sandwiching a sample of the investigated glass 
composition between two pieces of Li foil similar to the setup shown in Figure 6. 
The sample remained in contact with the Li foil for approximately a week. After a 
week, the setup was disassembled and the surface of the Li foil and glass sample 
were examined. In every case, there was no visible change in the appearance on 
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the surface of either the glass sample or the Li foil. The Li foil maintained the shiny 
luster it had before the test and the sample did not show any signs of chemical 
attack from the lithium. 
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements 
used to determine the electrochemical stability window of the glasses as well as the 
cyclic properties of the electrolyte showed that the electrochemical stability of the 
glasses were very good. The electrochemical stability window of all the measured 
glasses was at least out to ~9 V, which was the maximum voltage the instrument 
could measure. The only features in Figure 55 and Figure 56 are the cathodic 
responses between 0 and -1 V versus Li/Li+ electrode, which is the result of Li 
plating onto the stainless steel working electrode and the anodic responses between 
0 and +1 V, which is the result of the dissolution of Li that was deposited on the 
stainless steel electrode back into the glass. The GazSs glass sample measured in 
the same setup without the Li foil between two stainless steel electrodes is also 
shown in Figure 55, but there is no response, anodic or cathodic, throughout the 
entire voltage sweep. The cycling properties of the measured glasses, shown in 
Figure 57, also displayed very good stability with an increase in intensity of the 
dissolution of Li peak as the only change between cycles. 
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Figure 55. Linear sweep voltammetry measurements of Lil + Li2S + GeS2 + Ga2S3 glass. The 
cathodic response is shown between 0 and -1 V is Li plating and the anodic response between 0 and 
+1.5 V is the dissolution of Li back into the glass. The glass measured between two stainless steel 
electrodes shows no current response. 
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Figure 56. Linear sweep voitammetry measurements of Li I + Li2S + GeS2 + La2S3 glass. The 
cathodic response is shown between 0 and -1 V is Li plating and the anodic response between 0 and 
+1 V is the dissolution of Li back into the glass. 
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Figure 57. Cyclic voitammetry measurements of Li I + Li2S + GeS2 + Ga2S3 glass. The cathodic 
response is shown between 0 and -1 V is Li plating and the anodic response between 0 and +1.5 V is 
the dissolution of Li back into the glass. 
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5. Conclusions 
Fast ion conducting Li I + Li2S + GeS2 + Ga2S3 and Li I + Li2S + GeS2 + La2S3 
glasses have been optimized for high ionic conductivity and improved thermal 
stability required for next generation solid electrolyte applications. While the glass 
forming range for the Ga2S3 compositions were determined to be much larger than 
the La2S3 compositions, the properties important for efficient use as an electrolyte in 
lithium batteries were found to be the same. The addition of Ga2S3 does indeed 
eliminate non-bridging sulfur units that not only gives an improvement to the thermal 
stability, but also maintains the high ionic conductivity required for lithium battery 
electrolytes. The compositions with the highest Ga2S3 content showed the highest 
Tgs of ~325°C. The addition of La2S3 to the glass does not eliminate non-bridging 
sulfurs because of its octahedral coordination, but yet improves the stability of the 
glass in dry air while also retaining high ionic conductivity and thermal stability. 
The addition of Li I to the glass compositions improved the glass forming 
ability in the Ga2S3 system and was determined to be the primary source for the 
improvement in the conductivity of the investigated glasses. Lil concentrations from 
0 to 40 mole % improved the conductivities in the La2S3 glasses from ~10"4 to >10"3 
(Q cm)"1 at room temperature, respectively, and improved the Ga2S3 glasses from 
~10"5 to >10"3 (Q cm)"1, respectively. A maximum conductivity of ~10"3 (Q cm)"1 at 
room temperature was observed in all of the glasses and this value is comparable to 
some of the best Li ion conductors in a sulfide glass system. Lil additions did 
decrease the Tgs and Tcs of the glass, but increased the stability towards 
crystallization (Tc-Tg). 
The addition of BaS to the Lil + Li2S + GeS2 + Ga2S3 glasses improved the 
stability of the glass in dry air, but dramatically decreased the ionic conductivity of 
the glass. BaS did not affect the thermal stability of the glasses. The 
electrochemical stability of all the glasses was high and remained constant for all of 
the investigated compositions. 
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